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Listeria monocytogenes is a Gram-positive facultative anaerobe that is the 
causative agent of the disease listeriosis and is responsible for nearly 20% of all food-
related deaths in the United States. The ability of this bacterium to cause infections is 
proposed to correlate to its ability to resist the bactericidal properties of bile acids found 
in bile. Bile resistance mechanisms have exhibited increased activity under anaerobic 
conditions. Therefore, we hypothesized that limited oxygen could enhance the bile 
resistance of L. monocytogenes. Upon survival analysis, viability for virulent strains 
F2365, EGD-e, and 10403S increased upon 10% porcine bile extract under anaerobic 
conditions. However, avirulent strain HCC23 depicted no difference in bile resistance. 
The proteomic analysis revealed increased expression of proteins associated with DNA 
repair and virulence factors under anaerobic conditions in a strain dependent manner. 
Therefore, oxygen availability may contribute to bile resistance through the regulation of 
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Food-borne pathogens account for nearly 6.5-33 million illnesses and 9,000 
deaths each year in the United States (CDC, 2011). There are over 40 pathogens that can 
cause foodborne disease. The six most common food-borne bacteria are Salmonella, 
Campylobacter jejuni, Escherichia coli O157:H7, Listeria monocytogenes, 
Staphylococcus aureus, and Clostridium perfringens. Together, these six pathogens 
account for $2.9-6.7 billion in medical expenses in the United States each year (Buzby 
2012). 
Listeria monocytogenes is a Gram positive, food-borne pathogen that was first 
identified in 1924 and later identified as the causative agent of listeriosis in 1989 (Murray 
1926, Gellin and Broome 1989). The severity of listeriosis can range from gastroenteritis 
to meningitis or encephalitis, septicemia or fetal infections (Schlech 2000). Listeriosis 
has an approximate 20% mortality rate in the United States, where those most susceptible 
include the young, elderly, immunocompromised, and pregnant. (Freitag, Port et al. 2009, 
Sleator, Watson et al. 2009)  
Listeria monocytogenes is found as a saprophyte in nature, yet can tolerate the 
stressors encountered within the mammalian gastrointestinal tract, and also the food-
processing environment (Freitag, Port et al. 2009, Sleator, Watson et al. 2009).  
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According to the 2009 FDA Food Code, the food industry currently uses a combination 
of modified atmospheric and vacuum packing, which helps to inhibit the growth of 
pathogens with a combination of oxygen, carbon dioxide and nitrogen. The inhibition of 
pathogenic organisms is accomplished by a higher concentration of carbon dioxide than 
oxygen within packaging after processing (Jydegaard-Axelsen, Hoiby et al. 2004). 
However, L. monocytogenes is able to overcome variations in oxygen concentrations 
encountered during processing and packaging of food.  
Listeria monocytogenes can also tolerate the multiple stressors encountered within 
the gastrointestinal tract. These include bile salts, variations in pH, and available oxygen 
(Davis et al. 1996, Hardy et al. 2004, O’Driscoll et al. 1996). The first stressor 
encountered following the consumption of food contaminated with L. monocytogenes is 
acidic conditions within the stomach, followed by bile within the intestines. Once in the 
gastrointestinal tract, L. monocytogenes has been shown to invade into the intestinal 
epithelial cells by the use of internalins A (InlA) and B (InlB) through Peyer’s patches 
(Jensen, Harty et al. 1998, Pentecost, Kumaran et al. 2010).  This ability to invade allows 
L. monocytogenes to disperse through the body by the use of lymphoid cells (Jensen, 
Harty et al. 1998). After reaching the liver, L. monocytogenes is able to translocate into 
the gallbladder through bile canaliculi, where it can replicate extracellularly (Hardy, 
Margolis et al. 2006, Eimerman 2010). This allows for the recycling and re-entry of L. 
monocytogenes cells into the gastrointestinal tract through the biliary ducts (Hardy, 
Margolis et al. 2006). Furthermore, L. monocytogenes has the capability of surviving and 
growing at temperatures ranging from 0.4°C to 45°C and pH ranging from 4.0-9.6 
(Junttila, Niemelä et al. 1988, Walker, Archer et al. 1990).  
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This chapter will describe the current literature as it relates to the genetics of L. 
monocytogenes, the bile induced stress response, and the impact of oxygen availability on 
survival. The first section is the genetic history of L. monocytogenes. Because survival 
mechanisms and stress responses vary between strains, extensive genomic 
characterization of different serovars has been done in order to understand pathogenesis. 
The second section of this chapter will explore the antimicrobial conditions encountered 
within the mammalian host, specifically the high concentration of bile salts of the 
gastrointestinal tract and defense mechanisms that assist in the survival of L. 
monocytogenes against bile. The last section will focus on oxygen availability as an 
environmental factor that influences the regulation of stress response genes and virulence 
factors.   
1.2 Serovars of Listeria monocytogenes  
There are four genetic lineages and thirteen serovars of L. monocytogenes 
(Meinersmann et al. 2004, Orsi et al. 2011). The majority of L. monocytogenes isolates 
are part of the lineages I and II and were first characterized in 1989 (Piffaretti et al. 
1989). Two additional lineages, III and IV, have subsequently been identified in 1995 and 
2008, respectively (Rasmussen et al. 1995 and Ward et al. 2008). Lineage I consists of 
serovars 1/2b, 3b, 3c, and 4b. Lineage II consists of serovars 1/2a, 1/2c, and 3a. Serovars 
4a, 4b, and 4c comprise lineages III and IV (Rasmussen et al 1995 and Ward et al. 2008). 
Serovars 1/2a, 1/2b, 1/2c and 4b make up roughly 90% of human listeriosis cases 
(McLauchlin et al. 2004). Serovar 4b is responsible for most foodborne outbreaks and 
sporadic cases (Swaminathan et al. 2007). Therefore, these serovars may possess specific 
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virulence factors that improve the capability of strains to cause systemic infections, such 
as the ability to invade intestinal epithelial cells (Czuprynski, Faith et al. 2002).  
The genome content of 113 strains was analyzed using DNA microarrays.  
Results indicated many differentially expressed genes between these strains were 
involved in surface proteins and sugar metabolism (Doumith, Jacquet et al. 2004). These 
could serve as genes necessary for adaptation to various environments, including 
virulence factors required for intracellular replication (Dussurget, Pizarro-Cerda et al. 
2004). Genomic analysis of serovar 4b revealed a group of surface protein genes that are 
specific for L. monocytogenes. These include inlA, inlB, inlC, inlG, inlH, inlE, and inlF. 
(Doumith, Jacquet et al. 2004). Interestingly, analysis of serovar 4a, which is mostly 
associated with animal cases of listeriosis, revealed a lack of internal genes aside from 
inlAB thus reflecting their lower potential to cause disease in humans (Doumith, Jacquet 
et al. 2004) 
Proteins involved in the phosphotransferase system (PTS) of glucose have been 
shown to influence the expression of virulence genes (Brehm, Ripio et al. 1999). PrfA is 
the major regulator of virulence in L. monocytogenes where it controls expression of 
multiple genes including those encoding listeriolysis O and ActA, involved in cell-to-cell 
spread (Dussurget, Cossart et al. 2004 and Scortti et al. 2007). Through the decrease in 
expression of PTS operons and transport of sugars such when PrfA is overexpressed, it is 
possible that this PrfA activity is controlled by a direct interaction with the PTS (Marr, 
Joseph et al. 2006). Analysis of genes involved in β-glucoside-specific PTS were not 
found in lineage II, which is made up of serovars 4b, 4d, 4e, 7, 1/2b, and 3b (Doumith, 
Jacquet et al. 2004). This is interesting because regulation of the PrfA takes place in 
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lineage II. For instance, it has been shown that PTS (mannose) contributes to the down 
regulation of virulence gene transcription in glucose medium (Vu-Khac and Miller et al. 
2009). Therefore another PTS system must be utilized in the regulation of the PrfA 
regulon in these serovars of lineage II. Specifically, serovar 4b may have evolved other 
PTSs that are more dependable within a mammalian host.  
A recent genomic comparison between serovars 1/2a by Bécavin and colleagues 
showed the conservation of multiple genes associated with virulence including 
internalins, PrfA, and various sRNAs (Bécavin, Bouchier et al. 2014). Mutations were 
found in PrfA in EGD-e compared to EGD (Bécavin, Bouchier et al. 2014). This 
indicates that genomic analysis between serovars does not reflect their ability to be 
pathogenic. Sigma B, an alternative stress factor controlled by PrfA, has been shown to 
contribute to virulence (Nadon et al 2002). An overexpression of both PrfA and sigma B 
were observed in lineage II serovars (Moorhead and Dykes, 2003, 2004). This could be 
associated with the fact that these are isolates known to inhabit and adapt to multiple 
environments (inside or outside a host). Although, sigma B was identified in lineage I and 
III but not IV, expression was decreased upon exoposure to stress (Olivier et al. 2010).  
There are both technical and functional limitations in analyzing the genome for 
pathogenic potential.  For example, just because a strain possesses the PrfA operon does 
not necessarily mean that they will express it into a protein to activate other virulence 
genes. In order to determine the function of a gene product, further experiments are 
needed to observe expression under various conditions. PrfA and sigma B may not be 
expressed in the saprophytic stage but rather in the mammalian host. However, L. 
monocytogenes still possesses those genes. One must also consider the presence of hot 
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spots within the genome that continually alter the sequence. Therefore, genomic analysis 
alone is not enough to determine pathogenic potential of bacteria.  
1.3 Acidity induced Stress Response 
The first stressor encountered by L. monocytogenes during passage through the 
gastrointestinal tract is low pH within the stomach. Several mechanisms have been 
acquired in order to overcome this environment including the acid tolerance response 
(ATR) and the glutamate decarboxylase system (GAD). According to O’Driscoll and 
colleagues, survival assays showed more resistance to a lethal pH of 3.5, when previously 
exposed to a moderate pH of 5.5 during packaging of foods (O’Driscoll, Gahan et. 
al.1996). This suggests that the ATR assists in tolerance of acidic conditions after 
adaptation (O'Driscoll, Gahan et al. 1996). The ATR two-component pathway also plays 
an important role in the survival of L. monocytogenes in other environments by providing 
cross protection against high temperatures, oxidative and osmotic stress (O'Driscoll, 
Gahan et al. 1996). Through this protection, migration throughout the gastrointestinal 
tract is made easier and thus may be essential to the development of listeriosis.   
The GAD system has been thoroughly characterized and found to assist in acid 
tolerance. Upon exposure to low pH, glutamate is converted to γ- aminobutyrate (GABA) 
(Small and Waterman 1998). This reaction occurs through the consumption of a proton 
which reduces the proton concentration in the cell resulting in lower pH (Small and 
Waterman 1998). Not all L. monocytogenes strains possess the GAD system; it has been 
shown to be required by certain strains for maintaining homeostasis within gastric juices 
(Cotter, Gahan et al. 2001). The expression of GAD is induced upon exposure to chloride 
ions, low pH and anaerobiosis (Sanders, Leenhouts et al. 1998, Blankenhorn, Phillips et 
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al. 1999, De Biase, Tramonti et al. 1999). Activation of GAD is stimulated within the 
stomach upon exposure to low pH, but provides cross protection against anaerobiosis and 
bile salts within the small intestine and potentially the gall bladder. However, recent 
studies have shown that acid shock in low temperatures may induce prfA (Neuhaus, 
Satorhelyi et al. 2013). This suggests that low pH could serve as a trigger for the 
expression of virulence and stress response. 
1.4 Bile Salt Induced Stress Response 
 
Table 1.1 Composition of bile 
Constituent Gall Bladder Bile % Liver Bile % 
Water 89.0 98.0 
Solids 11.0 2.0 
Inorganic salts 0.8 0.75 
Bile salts/acids 6.0 0.9 
Mucin and pigments 3.0 0.4 
Cholesterol 0.38 0.06 
 
Bile is specific to the gastrointestinal tract, produced in the liver, stored in the gall 
bladder and composed of pigments, cholesterol, bile salts, and water (Table 1) (Guyton, 
2011). Bile salts are saturated, hydroxylated C-24 cyclopentanophenanthrene sterols that 
are synthesized in the hepatocytes from cholesterol as chenodeoxycholic acid and cholic 
acid (Vlahcevic et al. 1996).  
Bile is released from the liver through the left and right hepatic ducts forming the 
common duct, which connects to the gall bladder. Once in the gall bladder, the bile is 
concentrated by 5-10 fold through the removal of water and electrolytes (Ridlon, Kang et 
al. 2006, Dowd, Joyce et al. 2011). Bile salts are further metabolized by conjugation to 
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glycine or taurine, which decreases their Pka value to about 5 (Vlahcevic et al. 1996). 
After a meal, bile from the gall bladder is released into the common duct where it enters 
the duodenum of the small intestine (Ridlon, Kang et al. 2006). Once bile is secreted into 
the intestinal tract, a majority of bile salts are reabsorbed and recycled through the 
enterohepatic circulation (Figure 1.1) (Chiang 2009). 
 
Figure 1.1 Enterohepatic circulation of bile salts 
 
Bile salts are amphipathic molecules that have been shown to possess 
antimicrobial properties; bile salts have been shown to degrade viral and bacterial 
membranes containing lipids and also induce DNA damage (Bernstein, Bernstein et al. 
1999, Gunn 2000, Begley, Kerr et al. 2009). In order for enteric pathogens to survive, 
they must possess mechanisms to resist these antimicrobial effects of bile salts. 
Listeria monocytogenes has many mechanisms to allow for resistance against bile, 
including the bile salt hydrolase bsh (Dussurget, Cabanes et al. 2002, Begley, Gahan et 
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al. 2005), the general stress response sigma factor sigB (Begley, Sleator et al. 2005, 
Dowd, Joyce et al. 2011), the bile exclusion system bilE (Sleator, Wemekamp-Kamphuis 
et al. 2005), and virulence regulator prfA (Dussurget, Cabanes et al. 2002). The bile salt 
hydrolase catalyzes the deconjugation of bile acids and is produced by many Gram-
negative and Gram-positive enterics such as Enterococcus (Franz, Specht et al. 2001) and 
Lactobacillus (Grill, Cayuela et al. 2000). This deconjugation occurs through the 
hydrolysis of an amide bond that links bile acids to their amino acid conjugate glycine or 
taurine (Tanaka, Hashiba et al. 2000). However, studies have also shown that deletion of 
the bsh gene reduces the ability of L. monocytogenes to cause systemic infections by 
reducing the colonization potential within the gastrointestinal tract (Dussurget, Cabanes 
et al. 2002, Begley, Gahan et al. 2005).  
The general stress response sigma factor sigB is involved in regulating the 
expression of osmolyte transporters, such as OpuC, and is also involved in regulating 
processes needed for survival during oxidative stress, reduced pH, and starvation. The 
sigB transcription factor also serves as a positive regulator of factor A (PrfA) thus leading 
to the activation and regulation of major virulence factors (Ferreira, Sue et al. 2003). 
Recent studies have shown a connection between sigB expression and virulence, in 
addition to regulating the expression of genes related to bile resistance such as bilE and 
bsh (Sue 2003, Sleator, Wemekamp-Kamphuis et al. 2005). BilE, the bile exclusion 
system, serves to prevent bile from entering the cell. It is also LexA regulated (van der 
Veen, van Schalkwijk et al. 2010), indicating an association of bile resistance with the 
SOS response. PrfA serves as the virulence regulator and overlap has been found between 
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the prfA response and activation of stress response mechanisms similar to SigB 
(Milohanic, Glaser et al. 2003, Yuewei, Raengpradub et al. 2007)  
Since bile is toxic to most pathogens, the gall bladder is usually a sterile 
environment. However, L. monocytogenes is able to overcome the toxicity of this 
environment and grow extracellularly. It has been proposed that extracellular growth 
within the gall bladder may provide an efficient route of transmission where the transit 
from the bile duct to the intestines could occur in as little as five minutes (Hardy, 
Margolis et al. 2006). Expression of internalins were found to increase in avirulent strain 
HCC23 (internalin A) but decrease in virulent strains (Payne et al. 2013). This suggests 
that avirulent strains prefer to replicate intracellularly where virulent strains prefer to 
remain extracellular since they can withstand the bile salt stress (Payne et al. 2013).  
1.5 Anaerobiosis Induced Stress Response 
Another stressor that L. monocytogenes must overcome within the gastrointestinal 
tract is variations in oxygen concentrations. Carbon dioxide is known to inhibit the 
growth of most bacteria (Gill and Tan 1980). However, Jydegaard Axelson and 
colleagues observed an increase in the expression of genes needed for survival under 
acidic conditions and an increase in branch-chain fatty acids in the cell membrane when 
under elevated carbon dioxide and anaerobic conditions (Jydegaard-Axelsen, Hoiby et al. 
2004). Also, gene expression changed for invasion-associated internalin proteins InlA 
and LmaA (Jydegaard-Axelsen, Hoiby et al. 2004).  
It has previously been concluded that atmospheric environmental factors could 
contribute to the ability of L. monocytogenes to survive in the presence of stressors (King, 
Ferenci et al. 2003). Studies have demonstrated that the activity of the bile salt hydrolase 
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increases under anaerobic conditions (Dussurget, Cabanes et al. 2002). Buchanan and 
Klawitter found that anaerobic conditions increase survival of L. monocytogenes in acidic 
conditions (Buchanan and Klawitter et al. 1990). Also, oxygen restriction enhances 
growth at lower temperatures (~19°C) (Buchanan and Klawitter et al. 1990). Together, 
these data suggests that oxygen availability could influence bile resistance and therefore, 
the virulence capability of L. monocytogenes.   
Listeria monocytogenes is a facultative anaerobe, which allows for the bacterium 
to be able to undergo aerobic respiration, fermentation, and anaerobic respiration. 
However, this is dependent upon the ability to respond to oxygen availability. This 
environmental sensing is typically controlled by a two-component signal transduction 
system which consists of a membrane bound sensor and a cytoplasmic response regulator 
(Stock, Robinson et al. 2000). Although little research has been conducted to analyze the 
connection of anaerobiosis to increased survival in the presence of stressors in L. 
monocytogenes, much has been determined in other Gram-positive organisms. In various 
Gram-positive bacteria, such as Staphylococcus aureus, Bacillus subtilis, and 
Mycobacterium tuberculosis, two-component systems have been shown to regulate 
metabolism and the expression of virulence factors in response to decreased oxygen 
concentrations (Nakano, Dailly et al. 1997, Throup, Lunsford et al. 2001, Yarwood, 
McCormick et al. 2001). For instance, the SrrAB two-component system of S. aureus is 
involved in the activation of stress response proteins, specifically those involved in DNA 
repair, the oxidative stress response and the alternative sigma factor, SigB, in oxygen 
limited environments (Kinkel et al. 2013). However, this activation is in conjunction with 
multiple two-component systems (Michel, Agerer et al. 2006).  
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The two-component system ResDE of B. subtilis, homologous to SrrAB in S. 
aureus, has been shown to regulate virulence factors, sporulation, and fermentation in B. 
subtilis (Nakano, Dailly et al. 1997, Yarwood, McCormick et al. 2001). A homolog to 
resD has been characterized in L. monocytogenes. ResD was found to influence the 
activity of prfA in L. monocytogenes, which in turn alters the expression of several 
virulence genes, including inlA (Larsen, Kallipolitis et al. 2006). This suggests that ResD 
may be an important factor in the regulation of virulence factors and stress responses 
under low-oxygen conditions.  
In Mycobacterium tuberculosis, DosSR (DevSR) is a two-component system that 
consists of DosS histidine kinase and DosR response regulator. The DosSR system is 
induced under various levels of stress such as carbon starvation and heat shock (Kendall, 
Movahedzadeh et al. 2004). A recent genomic study identified DosP in L. 
monocytogenes, which is similar to the histidine kinase found in Mycobacterium, 
suggesting that L. monocytogenes belong to the category of Gram-positives that possess 
an oxygen sensor (Holch, Webb et al. 2013, Chiara, D'Erchia et al. 2014). Similarity 
between Gram-positive organisms suggests a link between virulence, stress response and 
two-component signal transduction systems that affect the organisms’ ability to detect 
oxygen levels.    
1.6 Conclusion 
Numerous response systems have been found that confer protection against 
multiple stressors, including pH, bile, osmolarity and temperature. However, the 
influence of reduced oxygen availability has not been thoroughly characterized in these 
systems. For instance, many studies that have analyzed the bile resistance mechanism of 
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L. monocytogenes were conducted under aerobic conditions. The conditions of the 
gallbladder and small intestine, where bile salt concentrations are at its highest, is an 
environment ranging from microaerophilic to anaerobic (Crawford and Brooke et al. 
1955). Therefore, aerobic conditions do not accurately model physiological conditions 
within the human gastrointestinal tract. Recent studies have begun to suggest a 
connection between oxygen availability and the stress response in Gram-positive 
bacteria. Therefore, it is imperative that the oxygen response of L. monocytogenes be 
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THE EFFECT OF OXYGEN ON BILE RESISTANCE IN LISTERIA 
MONOCYTOGENES 
2.1 Introduction 
According to the Center for Disease Control, foodborne pathogens accounted for 
47.8 million illnesses in 2011 (CDC, 2011). Of these known food-borne bacteria, Listeria 
monocytogenes is one of the three deadliest pathogens (CDC, 2011). Listeria 
monocytogenes is a Gram-positive facultative anaerobe and the causative agent of 
listeriosis (Gellin and Broome 1989). Infection typically manifests in the young, elderly, 
pregnant women and the immunocompromised, and is acquired through the ingestion of 
contaminated foods (Gray, Freitag et al. 2006). Upon consumption, L. monocytogenes is 
subjected to various stressors and environmental factors found throughout the 
gastrointestinal tract, including acidic pH, bile, and varying oxygen concentrations 
(Merritt and Donaldson 2009).  
Bile consists of multiple components such as ions, cholesterol, proteins, bile salts 
and pigments (Vlahcevic et al. 1996). Of these, bile salts have been shown to possess 
antimicrobial activity through the induction of DNA damage and degradation of viral and 
bacterial membranes (Gunn 2000, Begley, Kerr et al. 2009). The ability of L. 
monocytogenes to reduce the toxic effects of bile salts has been extensively studied. 
Genes related to bile resistance include the bile salt hydrolase (bsh), the bile exclusion 
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system (bilE), and the stress response sigma factor (sigB) (Dussurget and Glaser 2002, 
Begley, Gahan et al. 2005, Dowd, Joyce et al. 2011). However, little is known about the 
mechanism of resistance under physiologically relevant anaerobic conditions.  
It has been proposed that environmental conditions may contribute to the survival 
of L. monocytogenes during stress (King, Ferenci et al. 2003). For instance, the bile salt 
hydrolase reduces the toxicity of bile salts through hydrolysis (Dussurget and Glaser 
2002). The hydrolytic activity of this enzyme is enhanced under anaerobic conditions 
(Dussurget and Glaser 2002), suggesting oxygen could play a role in bile resistance and 
potentially influence the virulence capability of L. monocytogenes.   
Proteomic comparisons between virulent and avirulent strains under anaerobic 
conditions revealed a decrease in Iap 60 in EGD-e which is found to be linked to an 
increase in biofilm formation (Monk et al. 2004 and Payne et al. 2013). Also, an increase 
in DNA repair and osmolarity stress response were shown to be strain specific upon bile 
exposure Payne et al. 2013). However, a comparison between aerobic and anaerobic 
responses has not been conducted to observe the influence oxygen has on the regulation 
of these proteins in order to overcome bile stress.  
Although much research has been conducted to identify and characterize the 
proliferation and pathogenesis, few studies have analyzed the effect oxygen availability 
has on the bile resistance properties of L. monocytogenes.  Therefore, this study focused 




2.2 Materials and Methods 
2.2.1 Bacterial Strains and Culture Conditions 
All strains of L. monocytogenes (F2365, EGD-e, 10403S and HCC23) were 
cultured in Brain Heart Infusion (BHI) broth and incubated in a shaker incubator at 37°C 
at 250 rpm. 
2.2.2 Survival Assay 
For anaerobic cultivation, overnight cultures were diluted 1:100 into fresh BHI in 
a Coy anaerobic chamber (95% N2 and 5% H2) in 10mL Wheaton serum vials capped 
with rubber stoppers and sealed with aluminum. Resazurin (5µM) was added in order to 
visually monitor anaerobiosis within the vials. Inoculated vials were grown to mid-
logarithmic phase (OD600=0.4) at 37ºC with agitation. At mid-log, cells were divided into 
4 separate 2mL aliquots, pelleted immediately at 8000 x g for 5 min, then resuspended in 
BHI supplemented with 0%, 1% (0.02g), 5% (0.1g), or 10% (0.2g) porcine bile extract 
(Sigma B8631) and 0.1% methanol in the anaerobic chamber. Samples (100µL) were 
removed using a syringe and needle in order to maintain anaerobic conditions within the 
vials at -10 min, and at 1, 2, 3, 4, 5, and 6 h post exposure to porcine bile extract. 
Samples were serially diluted in phosphate buffered saline (PBS) and plated on BHI agar. 
Plates were incubated under anaerobic conditions using an Anaero Pack System at 37ºC 
for 18 h prior to viable plate count analysis. 
For Aerobic cultivation, cultivation was performed as described for the anaerobic 
cultivation assay, but without the use of sealed vials or the addition of resazurin. All 
cultures were incubated under normal atmospheric conditions.  
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A minimum of three independent replicates was conducted followed by a 
statistical analysis using the GLIMMIX method in SAS to compare survival of all strains 
aerobically versus anaerobically (SAS v. 9.4). A P-value of 0.05 or less was deemed 
significant. 
2.2.3 Protein Purification 
Cultures were grown to mid-log in either aerobic or anaerobic conditions as 
described for the survival assays, at which time 10mL were collected and immediately 
centrifuged at 8000 x g for 10 min at 10ºC. Samples were collected -10 min prior to and 1 
h post exposure to 0% or 5% porcine bile extract. Cell pellets were resuspended in 700µL 
NP-40 lysis buffer (150mM NaCl, 1.0% IGEPAL, 50mM Tris, pH 8.0) and 50µL of 
protease inhibitor cocktail (Sigma P2714), lysed through sonication using Covaris model 
S220 for 60 sec. Lysate was plated to ensure efficient lysis had occurred. Lysates were 
centrifuged at 20,000 x g for 15 min to remove cell debris. A Fluka Protein 
Quantification Kit was used to determine protein concentration (PC 101268296). Purified 
proteins (100µg-200µg) were treated with 600µL of methanol, 150µL of chloroform, and 
450µL of sterile deionized water, then centrifuged at 13,000 x g for one min. Supernatant 
was removed, 450µL of methanol was added to the interface layer, and centrifuged again 
at 13,000 x g for one min. Protein pellets were dried in a vacuum centrifuge at room 
temperature, and treated with 2.0µg of trypsin overnight, and desalted using a macrotrap 
(Michrome Bioresources). Cleaned samples were resuspended in 20µL of 0.1% formic 
acid (FA) and 5% acetonitrile (ACN) for analysis. Peptide mass spectrometry was 
accomplished using a Dionex UltiMate 3000 (Thermo Scientific) high performance liquid 
chromatography machine (HPLC) coupled with an LTQ Velos (Thermo Scientific) linear 
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ion trap mass spectrometer. The Easy-nLC was configured for reverse phase 
chromatography using an Acclaim PepMap RSLC column (Thermo Scientific) with a 
flow rate of 300 nL/min. Peptides were separated for mass spectrometry analysis using an 
acetonitrile gradient starting at 2% ACN, 0.1% FA and reaching 50% ACN, 0.1% FA in 
120 min, followed by a 15 min wash of 95% ACN, 0.1% FA. Column equilibration was 
handled automatically using the Dionex UltiMate 3000. The eluate from the HPLC was 
fed directly to the LTQ Velos for nanospray ionization followed by MS/MS analysis of 
detected peptides. The LTQ Velos was configured to perform 1 ms scan followed by 18 
MS/MS scans of the 18 most intense peaks repeatedly over the 135 min duration of each 
HPLC run. Dynamic exclusion was enabled with a duration of 3 min, repeat count of 3, 
and a list length of 500. Raw spectral data from LTQ Velos was converted to mgf format 
for each strain then searched against strain specific in silico trypsin digested database 
acquired from the National Center for Biotechnology Information Reference Sequences 
(NCBI RefSeq, 10403S: 2814, EGD-e: 2867, F2365: 2821 and HCC23: 2974) using 
X!tandem. Precursor and fragment mass tolerance set to 1500ppm and 1000ppm, 
respectively. Amino acid modifications that were included in the database searches were 
single and double oxidation of methionine and both carboxymethylation and 
carboxamidomethylation of cysteine, phosphorylation of serine, threonine and tyrosine, 
as well as water loss from serine and threonine. A decoy search was also executed against 
a randomized version of the same protein database with identical parameters as the target 
database to calculate the false discovery rate (FDR). Results were filtered using previous 
methods (Rousseeuw et al. 1999 and Filzmoser et. Al 2004). Hits from the target search 
were evaluated as possible outliers with respect to the decoy distribution and a 
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probability score of being correct was associated to each. Peptides with at least 95% 
probability of being correct were accepted.   
Differential expression of proteins between porcine bile treated and non-treated 
samples were evaluated on the basis of peptide spectral intensity. The raw spectral data 
was converted to the MS1 tab delimited format using MSConverted from the 
ProteoWizard toolset. The intensities for each peptide elution peak were pulled from its 
associated MS1 file using Perl script and summed. For each identified protein, peptide 
intensities were combined and organized by experimental replicate. Differential 
expression was evaluated using Monte Carlo resampling techniques to compare the 
replicate intensities between treatments. Each comparison used 1 million iterations and 
was assigned a p-value based on the number of times each test favored one treatment 
over another. A protein was accepted as significantly differentially expressed if the 
treatment intensity distribution was within the 95% confidence interval. Supplementary 
proteomic data may be found in Appendix A-D.  
2.3 Results 
2.3.1 Survival of strains in bile salts varies aerobically versus anaerobically 
To determine if oxygen influenced the viability of L. monocytogenes in the 
presence of bile, the viability of strains 10403S, EGD-e, F2365 and HCC23 following 
exposure to porcine bile extract was assessed under both aerobic and anaerobic 
conditions (Fig 2.1 and 2.2). Under aerobic conditions, bile at 1% and 5% concentrations 
exhibited bacteriostatic activity against 10403S (Fig. 2.1). The 10% concentration 
resulted in a 2.4 Log10 decrease in viability within the first hour post exposure (P = 0.001 
between 0h control to 1h post exposure to 10% bile). EGD-e decreased in viability under 
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exposure to 5% and 10% by nearly 1 Log10 and 3 Log10, respectively (P < 0.01 and P < 
0.001) F2365 was able to continue to replicate in media supplemented with either 1% or 
5% porcine bile extract, but not 10%. Exposure to 10% bile resulted in nearly a 3 Log10 
decrease in viability within the first hour post exposure (P < 0.001), which was similar to 
what was observed in the other strains analyzed. Interestingly, the avirulent strain HCC23 
had a slight increase in viability immediately following exposure to 1% bile, but then 
remained static for the remainder of the times analyzed. Exposure to 5% and 10% 
resulted in a decrease of 1.2 Log10 and 2.7 Log10 within the first hour, respectively (P < 
0.001). 
  
Figure 2.1 Survival assay under aerobic conditions upon bile stress. 
 
The virulent strain F2365 was able to survive and continue to replicate following 
exposure to all concentrations of bile tested under anaerobic conditions (Fig. 2.2). A 
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slight increase of 0.2 Log10 was observed following a 1 h exposure to 1% bile (P = 0.03). 
Also, an increase of nearly 0.2 Log10 after 1 h exposure to 5% and 10% bile was observed 
in F2365 under anaerobic conditions.  
An increase of approximately 1 Log10 was observed after 1 h exposure to 1% bile 
in both 10403S and EGD-e (P = 0.01); 10403S continued to replicate until 3 h, at which 
point a decrease was observed. EGD-e maintained bacteriostatic growth at 2 h post 
exposure in 1% bile. 10403S remained bacteriostatic in 5% and 10% throughout the times 
observed. In 10% bile, EGD-e decreased by approximately 1 Log10 within 1 h post 
exposure (P=0.02) and recovered at 2 h. Avirulent strain HCC23 had a decrease in all bile 
concentrations analyzed, but was able to recover within 4 h of exposure to 1% bile. In 
10% bile HCC23 decreased by 4.69 Log10 (P < 0.001).  
 
Figure 2.2 Survival assay under anaerobic conditions upon bile stress. 
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Statistical comparisons of viability of all strains between aerobic and anaerobic 
conditions revealed a significant difference in F2365 in 10% bile for each time point 
tested (P < 0.001; Table 2.1); exposure to 5% bile only showed significance at 1 h (P = 
0.0170). 10403S showed similar results with a significant increase in survival under 
anaerobic conditions in 10% bile for up to 4 h post exposure (P < 0.05). Interestingly, no 
significant change was observed in HCC23 upon exposure to bile in relation to oxygen 
availability except for 1% at 1 h (P = 0.011) and 2 h (P = 0.0017). 
Table 2.1 Statistical analysis of viability between aerobic versus anaerobic conditions 
upon bile treatment. 
 
 
2.4 Proteomic Analysis  
Proteomic analysis was conducted on bile treated L. monocytogenes strains 
F2365, 10403S, EGD-e, and HCC23 grown aerobically or anaerobically. Strains were 
treated for 1 h with either 0% or 5% porcine bile extract in aerobic or anaerobic 
conditions and proteins were isolated from cytoplasmic fractions. Significance was 
determined between 0 h non-treated and either 1 h non-treated or 1 h bile treated. Proteins 
were identified upon comparison between 0 h and 1 h. Under aerobic conditions in 
10403S, 559 proteins were identified without bile and 557 identified with bile. Of those 
identified, 180 were differentially expressed in the absence of bile (0h to 1h) and 228 
were differentially expressed in the presence of bile (0h to 1h+Bile). 626 proteins in 
Statistical Analysis of Survival Assays Aerobic vs. Anaerobic 
0% porcine bile 1% porcine bile 5% porcine bile 10% porcine bile
Time (h) F2365 10403S EGDe HCC23 F2365 10403S EGDe HCC23 F2365 10403S EGDe HCC23 F2365 10403S EGDe HCC23
1 1.0000 0.3190 1.0000 0.9502 1.0000 0.1155 1.0000 0.0011 0.0170 1.0000 0.9998 1.0000 <.0001 0.0016 <.0001 1.0000
2 <.0001 0.9998 1.0000 1.0000 0.1553 0.2452 0.9977 0.0017 1.0000 1.0000 0.4017 1.0000 <.0001 0.0002 0.9142 1.0000
3 1.0000 0.7251 0.9712 1.0000 0.0001 0.6900 0.0024 0.9465 0.9999 0.9953 0.0057 1.0000 <.0001 0.0335 0.0002 1.0000
4 1.0000 1.0000 1.0000 0.9975 1.0000 0.1261 0.0678 1.0000 1.0000 0.9996 0.1285 1.0000 <.0001 0.0008 0.0002 1.0000
5 1.0000 1.0000 0.9172 1.0000 0.0002 1.0000 0.0802 1.0000 0.9585 1.0000 0.5271 0.9990 <.0001 0.1271 1.0000 0.7061
6 1.0000 0.0002 0.5136 1.0000 <.0001 0.1718 0.0423 1.0000 0.9976 0.9989 0.3108 1.0000 <.0001 0.5221 1.0000 1.0000
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EGD-e in aerobic conditions were identified, with 108 of these being significantly 
different following 1 h exposure to media only. However, with bile 571 were identified 
with 349 significant. Additionally, in F2365, 618 proteins identified with 122 significant 
without bile. With bile, 565 proteins were identified with 369 significant. Also, 604 
proteins were identified in HCC23 of which only 80 were significant without bile. 587 
proteins identified with 285 deemed significant with bile exposure.   
Anaerobically, 652 proteins were identified in 10403S with 94 deemed significant 
without bile exposure. With bile exposure, 606 were identified with 301 deemed 
significant. In EGD-e, 644 proteins were identified. Of those, 122 were significant 
without bile exposure. With bile, 615 proteins were identified with 303 being significant. 
Additionally under anaerobic conditions, 675 proteins were identified in F2365 with 125 
significant with 645 identified with bile and only 399 deemed significant. Proteins 
identified in HCC23 without bile were 670 with 159 significant. With bile, 621 proteins 
were identified with 395 deemed significant.  
Extended proteomic analysis from this chapter can be found in Appendix A-D.  
2.4.1 Proteins associated with cell envelope and cellular processes are 
differentially expressed under aerobic and anaerobic conditions upon 
exposure to bile salts 
Analyses revealed a change in expression of proteins involved in redox reactions, 
invasion, and cell division following bile exposure (Table 2.2). Proteins involved in cell 
shape for virulent strains 10403S and EGD-e decreased upon bile treatment under aerobic 
conditions (GI #386043859 and GI #16803588, Table 2.2). Flavocytochrome c (GI 
#386042693), which is involved in intracellular survival (Chatterjee et al, 2006) 
increased at 1 h for 10403S. However, in 10403S, proteins involved in redox reactions 
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including NADH dehydrogenase and thioredoxin (GI #386044692, GI #386044773, GI 
#386044780, and GI #386044946) showed varying expression upon 1 h exposure. A 
decrease in proteomic expression of cell-division protein FtsE (GI #38604489) was 
observed in 10403S following bile exposure. Furthermore, a protein involved in PTS (GI 
#386043343) which is regulated by sigB, increased upon bile treatment in 10403S.  
Interestingly, PTS mannose-specific protein IIA of EGD-e (GI #16802144) 
decreased in expression upon treatment, but PTS glucose-specific protein IIB increased 
(GI #16803057). Proteins involved in invasion, such as P60, decreased upon treatment in 
EGD-e. Similarly to 10403S, proteins involved in redox reactions (GI #16804191, GI 
#16804427, and GI #16804516) in EGD-e showed a decrease upon treatment (Table 2.2).  
Virulent strain F2365 showed similar results with an increase in expression of 
PTS protein (GI #46907249) and decrease in cell-shape (GI #46907776), cell division 
(GI #46908268), redox reaction (GI #46908650 and GI #46908810) and invasion 
associated proteins (GI #46906827). The expression of an antigen, lipoprotein, also 
decreased in F2365 at 1 h (GI #46907616). Also, the membrane protein SecDF decreased 
(GI #46907755) in F2365 (Table 2.2).  
The avirulent strain HCC23 showed an increase in flagella protein (GI 
#217965205) and protein involved in the PTS (GI #217964883) upon treatment with bile, 
but a decrease in those involved in cell division (GI #217963392), redox reaction (GI 
#217963420 and GI #217966163) and cell shape (GI #217964305; Table 2.2).  
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Table 2.2 Cell envelope associated proteins with a significant change in protein 
expression levels during bile exposure aerobically 
 
                 Intensity Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
10403S               
386043859 similar to cell-shape determining protein MreB 1.1 7.170915 ND 0.007329  -  down 
386043343 PTS system glucose-specific transporter subunit IIA  1.2 0.351064 ND 1.117753  -  up 
386042693 similar to Flavocytochrome C Fumarate Reductase chain A 1.4 2.730852 ND 7.621496  -  up 
386044692 similar to NADH dehydrogenase 1.4 4.908171 ND 1.873512  -  down 
386044773 NADPH dehydrogenase 1.4 0.017569 1.297326 0.679419 up up 
386044780 thioredoxin-disulfide reductase  1.4 6.042845 ND 1.066278  -  down 
386044946 NADH dehydrogenase  1.4 5.976696 ND 1.512953  -  down 
386044809 highly similar to the cell-division FtsE 1.7 1.646009 0.354617 0.007329 down down 
EGD-e               
16802144 similar to PTS system mannose-specific, factor IIAB 1.2 2.183784 ND 0.007208  -  down 
16802250 actin-assembly inducing protein precursor 1.8 0.969766 ND 0.438594  -  down 
16802625 P60 extracellular protein, invasion associated protein Iap 1.1 1.29505 ND 0.447958  -  down 
16803057 
similar to phosphotransferase system glucose-specific enzyme 
IIA 1.2 0.328592 ND 1.366695  -  up 
16803588 similar to cell-shape determining protein MreB 1.1 5.241787 ND 0.439006  -  down 
16804071 highly similar to cell-division initiation protein FtsZ 1.7 4.373058 ND 0.424115  -  down 
16804191 similar to thioredoxin 1.4 1.523843 ND 0.007208  -  down 
16804234 similar to oligopeptide ABC transporter (permease) 1.2 0.018868 ND 0.927038  -  up 
16804427 similar to NADH dehydrogenase 1.4 5.019176 ND 1.728404  -  down 
16804516 thioredoxin reductase 1.4 4.412679 ND 0.007208  -  down 
F2365               
46906335 similar to PTS system mannose-specific, factor IIAB 1.2 3.69915 ND 0.45898  - down 
46906436 actin-assembly inducing protein  1.8 0.643496 0.009481 0.004944 down down 
46906452 highly similar to cell division protein ftsH 1.7 4.818829 ND 1.293374  - down 
46906596 similar to Flavocytochrome C Fumarate Reductase chain A 1.4 5.067033 1.622935 0.897702 down down 
46906827 P60 extracellular protein, invasion associated protein Iap 1.1 3.533539 8.061864 1.255257 up down 
46907249 
similar to phosphotransferase system glucose-specific enzyme 
IIA 1.2 0.32566 1.287188 1.41124 up up 
46907616 CD4+ T cell-stimulating antigen, lipoprotein 1.2 11.64414 ND 3.972134  - down 
46907755 similar to protein-export membrane protein SecDF 1.6 1.625189 ND 0.004944  - down 
46907776 similar to cell-shape determining protein MreB 1.1 7.716401 ND 0.004944  - down 
46908268 highly similar to cell-division initiation protein FtsZ 1.7 3.95537 ND 0.004944  - down 
46908385 similar to thioredoxin 1.4 2.3467 ND 0.004944  - down 
46908650 thioredoxin-disulfide reductase  1.4 3.557522 ND 0.004944  - down 
46908679 highly similar to the cell-division ATP-binding protein FtsE 1.7 0.641058 ND 0.004944  - down 
46908810 similar to NADH dehydrogenase 1.4 4.654166 ND 0.437069  - down 
HCC23               
217963392 highly similar to cell-division protein FtsX 1.7 1.220345 ND 0.00949   -   down 
217963420 thioredoxin reductase 1.4 3.122964 ND 0.00949   -   down 
217963523 
similar to phosphotransferase system (PTS) beta-glucoside-
specific enzyme IIB component 1.2 1.983838 ND 0.678238   -   down 
217963687 similar to thioredoxin 1.4 1.930318 ND 0.00949   -   down 
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Table 2.2 (Continued) 
                        Intensity        Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
217963823 highly similar to cell-division initiation protein FtsZ 1.7 5.299378 ND 0.347855   -   down 
217964305 similar to cell-shape determining protein MreB 1.1 6.298255 ND 0.00949   -   down 
217964430 
similar to glycine betaine/carnitine/choline ABC transporter 
(membrane protein) 1.2 0.042101 ND 0.667768   -   up 
217964883 
similar to phosphotransferase system glucose-specific enzyme 
IIA 1.2 0.336301 ND 0.933825   -   up 
217965205 similar to flagellar hook protein FlgE 1.5 0.042101 ND 0.65493   -   up 
217965803 similar to PTS system mannose-specific, factor IIAB 1.2 2.454791 ND 0.635224   -   down 
217966163 similar to NADH dehydrogenase 1.4 7.251687 ND 0.339445   -   down 
 
In contrast to aerobic conditions, significant proteins identified under anaerobic 
conditions in 10403S decreased upon exposure to bile (Table 2.3). These include proteins 
involved in invasion (GI #386042909), cell-shape (GI #386043859), cell division (GI 
#386042557), redox reactions (GI #386044946 and GI #386044780) and those involved 
in the PTS (GI #386043110 and GI #386042439). However, intensity for cell-shape 
determining protein, MreB (GI #386043859) increased under anaerobic conditions in 
comparison to aerobic following bile exposure.  
F2365 increased in expression of flagellin (GI #46906941), sortase (GI 
#46907163) and cell wall anchor protein (GI #46906407 and GI #46908178) upon 
exposure to bile salts (Table 2.3). This was not observed under aerobic conditions. An 
ABC transporter protein (GI #46908937) was found to increase upon bile exposure under 
anaerobic conditions. Virulence factor, lipoprotein decreased upon bile exposure in 
F2365 (GI #46907177). A protein similar to export protein SecDF also decreased in F2365 (GI 
#46907755). Expression of ferrichrome increased after treatment (GI #46908417) in 
F2365 (Table 2.3).  
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An autolysin (GI #217964833) in HCC23 decreased, but was not detected in other 
strains. Expression of NADH dehydrogenase (GI #217963505) increased under anaerobic 
conditions, but decreased post exposure to 5% bile. A decrease in expression of 
thioredoxin (GI #217963687) was observed under anaerobic conditions as well as post 
exposure (Table 2.3).  
Interestingly, expression of internalin I (GI #16802378) increased upon exposure 
in EGD-e under anaerobic conditions. Thioredoxin reductase (GI #16804516) increased 
anaerobically, but decreased upon bile exposure. This pattern of expression was also seen 
in FtsH (GI #16802266). Expression of sortase (GI #16802969), NADH dehydrogenase 
(GI #16804427) oxidase (GI #16804509) and MreB (GI #16803588) decreased upon bile 
exposure (Table 2.3).  
Table 2.3 Cell envelope associated proteins with a significant change in protein 
expression levels during bile exposure anaerobically.  
                        Intensity        Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
10403S               
386042909 invasion associated secreted endopeptidase 1.1 3.975014 ND 1.226359  - down 
386043731 
UDP-N-acetylenolpyruvoylglucosamine 
reductase (murB) 1.1 1.00865 0.353562 0.004717 down down 
386043859 
similar to cell-shape determining protein 
MreB 1.1 4.920895 ND 0.004717  - down 
386042439 
similar to PTS system mannose-specific, 
factor IIAB 1.2 4.067474 ND 0.377575  - down 
386043110 
similar to mannose-specific 
phosphotransferase system (PTS) 
component IIB 1.2 1.023527 ND 0.004717  - down 
386044505 
oligopeptide transport ATP-binding 
protein oppF 1.2 3.366033 ND 0.43741  - down 
386044773 NADPH dehydrogenase 1.4 1.361324 ND 0.004717  - down 
386044780 thioredoxin-disulfide reductase 1.4 0.706091 2.879039 0.004717 up down 
386044946 NADH dehydrogenase 1.4 7.44067 ND 0.4373  - down 
386043838 
similar to protein-export membrane 
protein SecDF 1.6 1.724716 ND 0.004717  - down 
386042557 highly similar to cell division protein ftsH 1.7 2.11309 ND 0.45025  - down 
386044809 
highly similar to the cell-division ATP-
binding protein FtsE 1.7 1.991415 ND 0.004717  - down 
386042541 actin-assembly inducing protein ActA 1.8 0.69797 0.012525 0.004717 down down 
386043255 sortase A 1.8 0.695601 ND 0.004717  - down 
16802144 
similar to PTS system mannose-specific, 
IIAB 1.2 5.519947 ND 1.3321 - down 
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Table 2.3 (continued) 
16802266 highly similar to cell division protein ftsH 1.7 2.892146 6.750377 0.817194 up down 
16802378 Internalin I 1.8 0.008 ND 0.865026  - up 
16802625 invasion associated secreted endopeptidase Iap 1.1 3.429498 ND 1.308282  - down 
16802969 similar to sortase 1.8 0.996139 ND 0.007441  - down 
16803117 teichoic acid biosynthesis protein B 1.1 0.981771 ND 0.007441  - down 
16803588 similar to cell-shape determining protein MreB 1.1 5.575993 ND 0.007441  - down 
16804075 UDP-N-acetylmuramoyl-L-alanyl-D-glutamate   1.1 2.050442 ND 0.007441  - down 
16804191 similar to thioredoxin 1.4 2.640287 ND 0.405875  - down 
16804373 
highly similar to phosphotransferase system 
(PTS) fructose-specific enzyme IIABC 
component 1.2 4.84889 ND 0.913413  - down 
16804427 similar to NADH dehydrogenase 1.4 2.334454 ND 0.007441  - down 
16804509 similar to NADH oxidase 1.4 0.971021 ND 0.007441  - down 
16804516 thioredoxin reductase 1.4 0.660825 4.091363 0.007441 up down 
F2365              
46906335 similar to PTS system mannose-specific, IIAB 1.2 6.265818 ND 0.570838  - down 
46906407 cell wall surface anchor family protein  1.8 0.018582 ND 1.099475  - up 
46906436  actin-assembly inducing protein 1.8 0.747175 ND 0.019494  - down 
46906452 highly similar to cell division protein ftsH 1.7 2.406201 ND 0.019494  - down 
46906570 cell wall surface anchor family protein 1.8 0.018582 ND 1.164311  - up 
46906941 flagellin 1.5 0.289084 ND 1.072875  - up 
46907163 sortase 1.8 1.50603 ND 0.019494  - down 
46907177 lipoprotein 1.1 0.763457 ND 0.019494  - down 
46907648 
UDP-N-acetylenolpyruvoylglucosamine 
reductase  1.1 0.723608 0.009184 0.019494 down down 
46907755 
similar to protein-export membrane protein 
SecDF 1.6 1.430806 ND 0.019494  - down 
46908178 cell wall surface anchor family protein 1.8 0.018582 ND 1.842775  - up 
46908269 highly similar to cell-division protein FtsA 1.7 3.422387 ND 0.019494  - down 
46908417 similar to ferrichrome ABC transporter  1.2 0.018582 ND 1.144056  - up 
46908505 
highly similar to phosphotransferase system 
(PTS) fructose-specific enzyme IIABC 
component 1.2 3.916429 ND 0.019494  - down 
46908650 thioredoxin-disulfide reductase 1.4 2.150069 ND 0.019494  - down 
46908697 similar to MreB-like protein 1.1 1.104834 ND 0.019494  - down 
46908810 similar to NADH dehydrogenase 1.4 3.519985 ND 0.019494  - down 
46908937 
similar to ABC transporter, ATP-binding 
protein 1.2 0.018582 ND 1.16781  - up 
HCC23               
217963483 ABC transporter substrate-binding protein  1.2 0.724768 ND 0.004242   -  down 
217963505 similar to NADH dehydrogenase 1.4 1.903372 5.024488 0.004242 up  down 
217963567 
highly similar to phosphotransferase system 
(PTS) fructose-specific enzyme IIABC 
component 1.2 1.772622 ND 0.004242   -  down 
217963687 thioredoxin 1.4 2.881328 1.000218 0.004242 down  down 
217963822 cell division protein FtsA  1.7 2.523105 ND 0.004242   -  down 
217964305 similar to cell-shape determining protein MreB 1.1 6.903781 ND 0.004242   -  down 
217964432 
UDP-N-acetylenolpyruvoylglucosamine 
reductase 1.1 0.783459 0.01373 0.004242 down down 
217965210 two-component sensor histidine kinase CheA 1.3 1.474039 0.333081 0.004242 down down 
217966163 pyridine nucleotide-disulfide oxidoreductase 1.4 5.19317 ND 0.420545   -  down 




2.4.2 Proteins associated with metabolism are differentially expressed under 
aerobic and anaerobic conditions upon exposure to bile salts.  
Many proteins involved in metabolism were differentially expressed under both 
aerobic and anaerobic conditions, including those associated with production of amino 
acids during stress (Table 2.4). Under aerobic conditions, expression of L-lactate 
dehydrogenase, increased under bile stress in 10403S (GI #386043845), but decreased in 
EGD-e (GI #16802256) and F2365 (GI #46906442). Expression of pyruvate carboxylase 
and lipoate protein ligase A, which are associated with carbon metabolism during 
intracellular replication, decreased in all strains studied.  
Several osmotic stress response proteins were identified following exposure to 
bile in aerobic conditions. X-pro peptidase, a known osmoprotectant, increased upon 
treatment in HCC23 (GI #217964274). Also, the osmotic stress response protein alanine 
dehydrogenase decreased in F2365 (GI #46907810) and EGD-e (GI #16803619). 
Metabolism protein GuaB, an inosine-monophosphate dehydrogenase associated with 
protection from stress through protein folding, decreased in all strains studied except for 




Table 2.4 Intermediary metabolism associated proteins with a significant change in 
protein expression levels during bile exposure aerobically.  
                        Intensity           Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
10403S               
386042866 similar to tagatose-1,6-diphosphate aldolase, LacD 2.1 3.479746 ND 1.135584  -  down 
386043257 similar to lipoate protein ligase A 2.4 0.981387 0.357715 0.007329 down down 
386043398 pyruvate carboxylase  2.1 1.658113 ND 0.007329  -  down 
386043845 similar to L-lactate dehydrogenase 2.1 0.017569 0.345796 0.73084 up up 
386043407 glucose-1-phosphate thymidylyltransferase 2.3 4.244674 1.967392 0.341976 down down 
16802237 Similar to a putative phospho-beta-glucosidase. BglA 2.1 0.946736 2.605865 0.007208 up down 
16802256 similar to L-lactate dehydrogenase 2.1 3.763912 ND 0.846479  -  down 
16803112 highly similar to pyruvate carboxylase 2.1 2.783715 6.765394 0.007208 up down 
386044331 similar to nicotinate-nucleotide pyrophosphorylase 2.5 0.016367 ND 1.26698  - up 
16803503 cytidine deaminase 2.3 0.018868 ND 1.384198  -  up 
16803619 similar to alanine dehydrogenase 2.2 1.250917 ND 0.007208  -  down 
16803813 adenylosuccinate lyase 2.3 1.221789 ND 0.007208  -  down 
16803867 guanylate kinase 2.3 1.82914 ND 0.007208  -  down 
16804795 inosine-monophosphate dehydrogenase, GuaB 2.3 12.87173 ND 3.437838  -  down 
F2365               
46906287 highly similar to adenylosuccinate synthetase 2.3 2.270823 1.003954 0.004944  - down 
46906442 similar to L-lactate dehydrogenase 2.1 4.343715 ND 1.34405  - down 
46907165 similar to lipoate protein ligase A 2.4 1.633174 ND 0.004944  - down 
46907300 highly similar to pyruvate carboxylase 2.1 6.967978 ND 0.004944  - down 
46907802 highly similar to 6-phosphofructokinase 2.1 4.512331 ND 1.716835  - down 
46907810 similar to alanine dehydrogenase 2.2 1.319841 3.317847 0.004944 up down 
46908059 similar to guanylate kinases 2.3 0.670847 ND 0.004944 down down 
46908172 cytidylate kinase 2.3 1.981966 0.334441 0.004944  - down 
46908945 inosine-5'-monophosphate dehydrogenase  2.3 10.21183 ND 0.84966  - down 
HCC23               
217963357 highly similar to glycine hydroxymethyltransferase 2.2 0.042101 ND 1.600213 - up 
217963436 similar to dipeptidases 2.2 0.330984 ND 0.934062 - up 
217963487 cysteine desulfurase 2.2 0.348981 ND 0.989634   -   up 
217964274 similar to X-Pro dipeptidase 2.2 0.677984 ND 2.67824   -   up 
217964548 highly similar to transketolase 2.1 11.36529 ND 0.00949   -   down 
217964838 highly similar to pyruvate carboxylase 2.1 4.84485 ND 0.00949   -   down 
217964969 similar to lipoate protein ligase A 2.4 1.600664 ND 0.00949   -   down 
217966038 similar to inosine-monophosphate dehydrogenase 2.3 13.57582 ND 1.309603   -   down 
 
Several metabolic proteins were differentially expressed under anaerobic 
conditions in comparison to aerobic. Most were found to decrease upon bile salt 
treatment after 1 h. In 10403S, pyruvate dehydrogenase (GI #386043380) was found to 
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increase under anaerobic conditions, but decreased once exposed to bile (Table 2.5). In 
contrast to aerobic conditions, expression of L-lactate dehydrogenase (GI #386043845) 
decreased. A protein similar to glutamate decarboxylase (GAD; GI #386044667) 
decreased upon exposure in 10403S (GI #386044667) and HCC23 (GI# 217963536).   
Cytidine deaminase (GI #16803503) and pyruvate dehydrogenase (GI 
#16803093) increased upon exposure to bile in EGD-e. Additionally, lipoate protein 
ligase A (GI #16802971) decreased upon exposure under anaerobic conditions. 
Adenylosuccinate synthetase, involved in purine synthesis, decreased in all virulent 
strains 10403S (GI #386042402), EGD-e (GI #16802103), and F2365 (GI #46906287).   
Expression of X-pro dipeptidase, a known osmoprotectant, in contrast to aerobic 
conditions, decreased in F2365 under anaerobic conditions (GI #46907809). 
Table 2.5 Intermediary metabolism associated proteins with a significant change in 
protein expression levels during bile exposure anaerobically. 
                       Intensity Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
10403S              
386042402 highly similar to adenylosuccinate synthetase, purA 2.3 5.21822 2.228938 0.004717 down down 
386043257 similar to lipoate protein ligase A 2.4 1.390624 ND 0.004717  - down 
386043380 
highly similar to pyruvate dehydrogenase (dihydrolipoamide 
acetyltransferase E2 subunit) 2.1 0.679593 3.600001 0.004717 up down 
386043398 highly similar to pyruvate carboxylase 2.1 8.973183 ND 0.004717  - down 
386043407 glucose-1-phosphate thymidylyltransferase 2.2 3.138228 ND 0.004717  - down 
386043616 highly similar to transketolase 2.1 7.854441 ND 0.004717  - down 
386043845 similar to L-lactate dehydrogenase 2.1 1.689981 ND 0.750867  - down 
386044081 adenylosuccinate lyase 2.3 1.976707 ND 0.004717  - down 
386044136 similar to guanylate kinases 2.3 1.395181 0.499405 0.004717 down down 
386044515 similar to 3-oxoacyl- acyl-carrier protein synthase 2.4 3.697885 ND 0.375711  - down 
386044667 similar to glutamate decarboxylase 2.2 2.271801 ND 0.004717  - down 
EGD-e              
16802103 highly similar to adenylosuccinate synthetase 2.3 2.742331 ND 0.007441  - down 
16802126 similar to phosphoglycerate dehydrogenase 2.1 1.727811 ND 0.007441  - down 
16802256 similar to L-lactate dehydrogenase 2.1 3.750259 ND 0.902836  - down 
16802971 similar to lipoate protein ligase A 2.4 1.673611 ND 0.007441  - down 
16803093 highly similar to pyruvate dehydrogenase (E1 beta subunit) 2.1 0.008 1.000259 1.266442 up up 
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16803094 
highly similar to pyruvate dehydrogenase (dihydrolipoamide 
acetyltransferase E2 subunit) 2.1 0.653027 ND 0.007441  - down 
16803112 highly similar to pyruvate carboxylase 2.1 6.827161 ND 0.007441  - down 
16803121 glucose-1-phosphate thymidyl transferase 2.3 3.405835 ND 0.007441  - down 
16803503 similar to cytidine deaminase 2.3 0.325911 ND 0.85249  - up 
16803574 similar to L-lactate dehydrogenase 2.1 2.368703 ND 0.809012  - down 
16803813  adenylosuccinate lyase 2.3 2.022712 ND 0.40677  - down 
16803867 similar to guanylate kinases 2.3 0.985937 ND 0.400028  - down 
16804241 similar to 3-oxoacyl- acyl-carrier protein synthase 2.4 1.006178 ND 0.007441  - down 
16804795 similar to inosine-monophosphate dehydrogenase 2.3 13.4736 ND 4.331274  - down 
F2365              
46906287 highly similar to adenylosuccinate synthetase 2.3 2.058243 ND 0.019494  - down 
46906442 similar to L-lactate dehydrogenase 2.1 3.63103 ND 0.543005  - down 
46907286 
highly similar to pyruvate dehydrogenase (dihydrolipoamide 
acetyltransferase E2 subunit) 2.1 1.67431 ND 0.019494  - down 
46907300 highly similar to pyruvate carboxylase 2.1 13.53049 ND 0.019494  - down 
46907691 similar to cytidine deaminase 2.3 1.099991 0.370824 0.019494 down down 
46907762 similar to L-lactate dehydrogenase 2.1 0.758503 0.009184 0.019494 down down 
46907809 similar to X-Pro dipeptidase 2.2 2.907766 ND 0.019494  - down 
46907810 similar to alanine dehydrogenase 2.2 3.520414 ND 0.576287  - down 
46908003 adenylosuccinate lyase 2.3 2.036761 ND 0.553925  - down 
46908059 similar to guanylate kinases 2.3 1.046638 ND 0.019494  - down 
46908945 inosine-5'-monophosphate dehydrogenase 2.2 12.04389 ND 0.520457  - down 
HCC23              
217963536 similar to glutamate decarboxylase 2.2 1.797938 ND 0.004242   -  down 
217963637 similar to 3-oxoacyl-acyl-carrier protein synthase 2.4 3.370471 ND 0.747879   -  down 
217964020 similar to guanylate kinases 2.3 2.237498 ND 0.004242   -  down 
217964079 adenylosuccinate lyase 2.3 1.823201 ND 0.004242   -  down 
217964319 similar to L-lactate dehydrogenase 2.1 0.756095 ND 0.004242   -  down 
217964838 highly similar to pyruvate carboxylase 2.1 7.134233 ND 0.004242   -  down 
217964969 similar to lipoate protein ligase A 2.4 4.77813 ND 0.004242   -  down 
217966038 similar to inosine-monophosphate dehydrogenase 2.3 4.402992 12.64955 0.004242 up down 
 
2.4.3 Proteins associated with stress responses and repair are differentially 
expressed under aerobic and anaerobic conditions upon exposure to bile 
salts 
There were several significant differences in the detection of proteins related o 
stress responses and repair mechanisms between the four strains of L. monocytogenes 
under aerobic and anaerobic conditions (Table 2.6). In 10403S, expression of DNA 
polymerase V (GI #386044984), involved in DNA replication and repair increased upon 
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bile treatment. Expression of DnaJ, a chaperone protein needed under stress, decreased in 
all virulent strains: 10403S (GI #386043783), EGD-e (GI #16803512) and F2365 (GI 
#46907700) upon bile treatment. Excinuclease ABC (UvrABC), used to repair DNA 
lesions, decreased upon bile exposure in HCC23 (GI #217963409 and GI #217963410). 
Expression of RecA, involved in the general SOS response, decreased upon bile 
treatment in EGD-e (GI #16803438), F2365 (GI #46907626), and HCC23 (GI 
#21796445), but was not detected in 10403S under the same conditions. Interestingly, the 
expression of virulence regulator, PrfA increased upon bile treatment in HCC23 (GI 
#217963353) under aerobic conditions, but was not observed in the other strains studied.  
Sigma B regulator, RsbW, decreased in all strains 10403S (GI #38043219), EGD-
e (GI #16802935), F2365 (GI #46907126) and HCC23 (GI #217965009). Expression of 
LysR (GI #16802340), also involved in virulence, increased upon bile exposure in EGD-
e. A trigger factor protein (GI #46907493) decreased in EGD-e upon exposure to bile 
under aerobic conditions (Table 2.6). 
Table 2.6 Information pathways associated proteins with a significant change in 
protein expression levels during bile exposure aerobically. 
                        Intensity           Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
10403S               
386042349 DNA polymerase III subunit beta 3.1 0.684683 2.993945 2.512063 up up 
386044067 ATP-dependent DNA helicase PcrA  3.1 1.706621 ND 0.007329  -  down 
386044168 peptide-methionine (S)-S-oxide reductase, 3.8 0.667269 ND 0.007329  -  down 
386044790 excinuclease ABC subunit A  3.2 4.40158 1.005705 0.007329 down down 
386044791 excinuclease ABC subunit B  3.2 1.979061 0.050424 0.007329 down down 
386044984 DNA polymerase V 3.2 0.017569 ND 0.766404  -  up 
386042461 antigen A 4.5 1.633757 0.050424 0.007329 down down 
386043214 highly similar to positive regulator of sigma-B  4.1 0.714311 ND 0.007329  -  down 
386043218 anti-anti-sigma factor (antagonist of RsbW) 4.1 0.963214 0.352079 0.007329 down down 
386043219 sigma-B activity negative regulator RsbW 4.1 3.181793 ND 0.007329  -  down 
386043323 ATP-dependent Clp protease ClpE 4.1 0.676657 ND 0.007329  -  down 
386043579 ATP-dependent Clp protease, ClpX 4.1 0.637327 ND 0.007329  -  down 
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386043783 chaperone DnaJ 4.1 2.384459 ND 0.007329  -  down 
386044770 Clp protease 4.1 1.361548 ND 2.874487  -  up 
16802340 LysR family transcriptional regulator 3.5 0.018868 ND 0.917305  -  up 
16803307 trigger factor 3.9 5.746347 ND 2.615097  -  down 
16803320 similar to transcriptional regulator, MarR  3.5 3.855792 ND 0.885956  -  down 
16803438 recombinase A 3.3 1.547141 ND 0.007208  -  down 
16803519 highly similar to GTP-binding protein LepA 3.7 3.290953 ND 0.007208  -  down 
16804519 pyrophosphatase PpaX 3.8 1.298843 ND 0.007208  -  down 
16802278 endopeptidase Clp ATP-binding chain C 4.1 3.565064 ND 0.007208  -  down 
16802338 similar to heat-shock protein htrA serine protease 4.1 1.325126 ND 0.007208  -  down 
16802932 highly similar to positive regulation of sigma-B, RsbT 4.1 1.635478 ND 0.515387  -  down 
16802935 sigma-B activity negative regulator RsbW 4.1 4.262744 ND 0.007208  - down 
16803512 molecular chaperone DnaJ 4.1 4.532642 ND 0.892252  -  down 
16803577 GTPase ObgE 4.5 2.759973 ND 0.007208  -  down 
16804245 similar to endopeptidase ClpB 4.1 4.306896 ND 0.43792  -  down 
16804822 catalase 4.2 8.059063 ND 1.775095  -  down 
F2365               
46906446 transcription-repair coupling factor 3.2 1.003591 ND 0.004944  - down 
46907127  RNA polymerase sigma factor SigB 3.5 0.645649 ND 0.004944  - down 
46907493 trigger factor 3.9 5.567084 ND 2.188207  - down 
46907626 recombinase A  3.3 3.696682 ND 0.004944  - down 
46907707 highly similar to GTP-binding protein LepA 3.7 2.284035 0.997171 0.004944 down down 
46907851 MutT/nudix family protein 3.2 0.66219 ND 0.004944  - down 
46908660 excinuclease ABC subunit A  3.2 0.639042 2.018113 0.004944 up down 
46906465 ClpC ATPase  4.1 4.361665 ND 0.004944  - down 
46907121 highly similar to positive regulator of sigmaB  4.1 1.951637 ND 0.004944  - down 
46907126 sigma-B activity negative regulator RsbW 4.1 5.555537 ND 0.871317  - down 
46907229 ATP-dependent Clp protease, ATP-binding subunit ClpE  4.1 0.974346 ND 0.004944  - down 
46907495 ATP-dependent protease ATP-binding subunit ClpX 4.1 2.357522 ND 0.577789  - down 
46907700 chaperone protein DnaJ 4.1 3.721761 ND 0.460908  - down 
46907702 heat shock protein GrpE 4.1 2.020559 ND 0.916439  - down 
46908440 similar to endopeptidase ClpB 4.1 3.344958 ND 0.004944  - down 
46908975 catalase 4.2 14.12221 ND 5.920489  - down 
HCC23               
217963353 Similar to peptide chain release factor, PrfA 3.7 0.341851 ND 1.621151   -   up 
217963409 excinuclease ABC subunit B 3.2 0.91786 ND 0.00949   -   down 
217963410 excinuclease ABC subunit A 3.2 2.635843 ND 0.00949   -   down 
217963417 pyrophosphatase PpaX 3.8 0.918802 ND 0.00949   -   down 
217964375 highly similar to GTP-binding protein LepA 3.7 2.70709 0.970145 0.00949 down down 
217964455 recombinase A 3.3 5.265396 ND 1.01513   -   down 
217965700 transcription-repair coupling factor  3.2 0.647898 ND 0.00949   -   down 
217965869 lipoprotein  3.8 0.630108 ND 0.00949   -   down 
217965681 endopeptidase Clp ATP-binding chain C 4.1 5.460223 ND 0.00949   -   down 
217965009 sigma-B activity negative regulator RsbW 4.1 3.064426 ND 0.316092   -   down 
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217964589 ATP-dependent Clp protease ATP-binding subunit ClpX 4.1 2.816221 ND 0.00949   -   down 
217963632 similar to endopeptidase Clp ATP-binding chain B (ClpB) 4.1 2.997247 ND 0.614624   -   down 
217966008 catalase 4.2 4.881245 ND 0.664481   -   down 
 
Under anaerobic conditions, an abundance of proteins involved in repair and 
various stress responses increased in comparison to aerobic conditions. For example, 
DNA polymerase V increased upon bile exposure in 10403S (GI #386044984) in both 
aerobic and anaerobic conditions, but abundance of this protein was higher anaerobically 
(Table 2.7). Additionally, abundance of RecA (GI #46907626) increased in F2365 under 
anaerobic conditions.  
DNA mismatch repair protein MutS (GI #16803272) increased upon treatment in 
EGD-e under anaerobic conditions. Additionally, expression of DNA polymerase V 
increased in 10403S (GI #386044984) and F2365 (GI #46908855). F2365 had an 
increase in a protein similar to excinuclease ABC (UvrABC; GI #46908285). An increase 
in excinuclease ABC subunit A was also observed in HCC23 (GI #217963410). OsmC, 
which is involved in the osmotic stress response, increased in 10403S (GI #386043230). 
Interestingly, expression of listeriolysin O increased anaerobically, but decreased when 
exposed to bile salts in F2365 (GI #46906434). Also, the virulence factor, antigen A, 
increased in expression under anaerobic conditions, but decreased upon bile exposure in 
EGD-e (GI #16802166). 
The two heat shock proteins had differential expression upon exposure to bile 
salts under anaerobic conditions. Heat shock protein HslU decreased upon treatment in 
10403S (GI #386043590), but was not detected in the control at 1 h. Expression of 
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another heat shock protein GrpE decreased 1 h post exposure to bile in HCC23 
(GI#217964380), EGD-e (GI#16803514), and F2365 (GI#46907702), but was not 
detected in 10403S. Expression of trigger factor decreased upon exposure in all strains 
studied except for HCC23 (Table 2.7).    
Multiple proteins involved in the Clp operon, which is transcribed under stress 
conditions, were identified in all strains studied. Expression of ClpC, involved in 
adhesion and invasion, decreased upon bile exposure in 10403S (GI #386042568), EGD-
e (GI #16802278), F2365 (GI #46906465), and HCC23 (GI #217965681), but increased 
anaerobically without bile treatment in HCC23.  
Table 2.7 Information pathways associated proteins with a significant change in 
protein expression levels during bile exposure anaerobically. 
      Intensity Regulation 
GI# Protein Listilist 0 h 1 h 1h+Bile 0h-1h 0h-1h+Bile 
10403S               
386043578 trigger factor (propyl isomerase) 3.9 6.12972 ND 2.044931  - down 
386043709 recombinase A 3.3 3.628748 ND 0.004717  - down 
386043760 similar to endonuclease IV 3.2 1.734649 ND 0.004717  - down 
386044783 pyrophosphatase PpaX 3.8 2.032747 ND 0.004717  - down 
386044984 DNA polymerase V 3.2 0.016367 ND 1.627141  - up 
386042568 ATP-dependent Clp protease ATP-binding subunit ClpC 4.1 1.96259 9.603622 0.004717 up down 
386043216 highly similar to positive regulation of sigma-B 4.1 1.677305 ND 0.004717  - down 
386043219 anti-sigma B factor 4.1 2.929104 ND 0.004717  - down 
386043323 ATP-dependent Clp protease ATP-binding subunit ClpE 4.1 1.044543 ND 0.004717  - down 
386043447 similar to ATP-dependent Clp protease  4.1 2.610145 ND 0.42324  - down 
386043579 ATP-dependent Clp protease 4.1 1.977321 ND 0.004717  - down 
386043590 heat shock protein HslVU 4.1 0.984589 ND 0.004717  - down 
386044519 similar to endopeptidase ClpB 4.1 4.340778 ND 0.431598  - down 
386043230 OsmC/Ohr family protein 5.2 0.358794 ND 1.179689  - up 
16803272 similar to MutS protein (MutS2) 3.2 0.008 ND 1.286078  - up 
16803307 trigger factor 3.9 5.842671 ND 2.064875  - down 
16803438 recombinase A 3.3 5.389491 ND 0.007441  - down 
16804306 ATP-dependent deoxyribonuclease subunit A 3.3 0.008 ND 0.871786  - up 
16804526 excinuclease ABC subunit A  3.2 4.978983 ND 0.887379  - down 
16804527 excinuclease ABC subunit B 3.2 1.037928 ND 0.007441  - down 
16802166 antigen A  4.5 1.348914 4.427659 0.007441 up down 
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16802278 endopeptidase Clp ATP-binding chain C  4.1 1.013272 3.553613 0.007441 up down 
16802930 highly similar to positive regulator of sigma-B activity 4.1 1.294684 ND 0.398142  - down 
16802932 highly similar to positive regulation of sigma-B activity 4.1 1.0167 ND 0.007441  - down 
16802934 anti-anti-sigma factor (antagonist of RsbW) 4.1 2.961108 ND 0.40047  - down 
16802935 serine-protein kinase RsbW 4.1 4.677689 ND 0.007441  - down 
16803178 similar to ATP-dependent Clp protease t 4.1 3.083334 ND 1.29441  - down 
16803308 ATP-dependent protease ATP-binding subunit ClpX 4.1 3.057612 ND 0.007441  - down 
16803319 highly similar to ATP-dependent Clp protease- 4.1 0.682043 ND 0.007441  - down 
16803514 heat shock protein GrpE  4.1 1.661493 ND 0.406981  - down 
16804245 similar to endopeptidase Clp ATP-binding chain B (ClpB) 4.1 10.00466 ND 0.880141  - down 
F2365               
46907493 trigger factor 3.9 7.118415 ND 0.580829  - down 
46907626 recombinase A 3.3 4.184359 ND 0.019494  - down 
46907829 catabolite control protein A 3.5 8.168807 ND 0.019494  - down 
46908285 similar to excinuclease ABC (subunit A) 3.2 0.018582 ND 1.125492  - up 
46908655 HPr kinase/phosphorylase  3.8 1.095127 0.009184 0.019494 down down 
46908855 DNA polymerase V 3.2 0.018582 ND 1.211423  - up 
46906434 listeriolysin O 4.5 1.015924 4.536582 0.019494 up down 
46906443 50S ribosomal protein L25/general stress protein Ctc 4.1 1.994759 ND 0.019494  - down 
46906465 ClpC ATPase 4.1 2.47434 ND 0.019494  - down 
46906533 similar to heat-shock protein htrA serine protease 4.1 4.421401 ND 0.019494  - down 
46907121 highly similar to positive regulator of sigma-B activity 4.1 2.45605 ND 0.019494  - down 
46907123 highly similar to positive regulation of sigma-B activity 4.1 3.682344 ND 0.019494  - down 
46907125 anti-anti-sigma factor (antagonist of RsbW) 4.1 3.710548 ND 1.615345  - down 
46907126 sigma-B activity negative regulator RsbW 4.1 4.435947 ND 0.586056  - down 
46907356 
similar to ATP-dependent Clp protease proteolytic 
component 4.1 2.498454 ND 0.560415  - down 
46907495 ATP-dependent protease ATP-binding subunit ClpX 4.1 2.424561 ND 0.019494  - down 
46907590 similar to cold shock protein 4.1 3.802641 ND 1.645482  - down 
46907702 heat shock protein GrpE 4.1 2.089448 ND 0.019494  - down 
46908440 similar to endopeptidase Clp ATP-binding chain B (ClpB) 4.1 5.056533 ND 0.019494  - down 
46908975 catalase 4.2 6.562258 ND 0.019494   down 
217963410 excinuclease ABC subunit A 3.2 0.005957 3.268196 1.661625 up up 
217963417 similar to B. subtilis P-Ser-HPr phosphatase 3.8 2.552838 1.016176 0.004242 down  down 
217964226 MutT/nudix family protein 3.2 1.140261 0.01373 0.004242 down  down 
217964248 catabolite control protein A 3.5 5.341749 ND 0.004242   -  down 
217964455 recombinase A 3.3 3.792833 ND 0.004242   -  down 
217965008 RNA polymerase sigma-37 factor (sigma-B) 3.5 0.763395 ND 0.004242   -  down 
217965700 transcription-repair coupling factor 3.2 0.706152 ND 0.004242   -  down 
217966127 similar to damage repair protein, MucB 3.2 0.005957 ND 0.802335   -  up 
217964380 heat shock protein GrpE  4.1 2.275493 ND 0.004242   -  down 
217964578 highly similar to ATP-dependent Clp protease5 4.1 1.134402 ND 0.004242   -  down 
217965703 similar to general stress protein Ctc  4.1 2.969573 ND 0.004242   -  down 
217965009 serine-protein kinase RsbW 4.1 3.697718 ND 0.424421   -  down 





Bile salts, the bactericidal component of bile, have been shown to induce 
oxidative damage at the DNA and membrane (Begley, Kerr et al. 2009). Therefore, the 
ability of enteric pathogens to colonize the GI tract is dependent on their ability to 
survive in the presence of bile salts. Though many studies have elucidated the bile salt 
stress response of Listeria, information is lacking in regards to this response under 
physiologically relevant anaerobic conditions. A previous study conducted by our group 
analyzed the anaerobic bile response, but no information is available as to the 
comparative analysis between aerobic and anaerobic conditions (Payne et al. 2013). 
Therefore, the purpose of this study was to determine if reduced oxygen influences 
survival of L. monocytogenes in bile and to determine the specific proteome expressed in 
response to bile under aerobic and anaerobic conditions. 
In this study, resistance of L. monocytogenes to various concentrations of bile 
salts was shown to be strain specific as well as dependent upon available oxygen. A 
significant increase in bile resistance was observed for virulent strains F2365, 10403S, 
and EGD-e under anaerobic conditions in 10% porcine bile extract. Interestingly, HCC23 
was the only strain to show an increase in bile resistance under aerobic conditions. This 
supports the hypothesis that the mechanism by which L. monocytogenes responds to bile 
will differ depending upon oxygen availability.  
Listeria monocytogenes possesses many proteins that assist in their ability to 
invade cells and disperse throughout the body (Gaillard, Berche et al. 1991). Even though 
they have the ability to evade stressors and the immune system by invading phagocytic 
and non-phagocytic cells, L. monocytogenes has been found to remain extracellular 
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within the gallbladder, where the concentration of bile salts is the greatest (Dowd, Joyce 
et al. 2011). In the proteomic analysis, proteins involved in the invasion of cells 
(internalins and lipoproteins) decreased upon exposure to porcine bile extract under both 
aerobic and anaerobic conditions, supporting previous reports that L. monocytogenes 
replicates within the lumen of the gallbladder (Hardy et al. 2004). Additionally, biofilm 
formation has been explored tremendously. In EGD-e, invasion-associated protein IAP 
was found to decrease 1 h post exposure, but increased under anaerobic conditions 
without bile salt stress. It has been shown that a decrease in this protein results in the 
formation of biofilms. This supports findings reported by our group (Payne et al. 2013) 
However, oxygen availability may contribute to the ability of L. monocytogenes to invade 
when not under bile stress.  
Previous studies have suggested a link between the phosphotransferase system 
(PTS) and PrfA (virulence regulator) in which PrfA-regulated genes are repressed by 
sugars such as mannose, glucose, and fructose that are transported through the PTS 
(Scortti, Monzo et al. 2007). Interestingly, PrfA has been shown to interfere with glucose 
uptake, resulting in a decrease in expression of PTS (Marr, Joseph et al. 2006, Stoll, 
Mertins et al. 2008). An increase in expression of PTS associated proteins, including 
glucose and mannose-specific systems, were identified in all strains studied under aerobic 
conditions upon bile exposure. However, under anaerobic conditions, their expression 
decreased or was not identified at all. Interestingly, avirulent strain HCC23 exhibited an 
increase in PrfA under aerobic conditions, but this was not observed in virulent strains. 
This suggests that this link between carbon metabolism and PrfA may be dependent on 
the virulence capability of L. monocytogenes. Also, since proteins associated with the 
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PTS system were detected under aerobic conditions, this could provide a way of reducing 
the activation of virulence genes. 
The enzyme Sortase A catalyzes sorting and processing between cell wall anchor 
proteins in a two-step reaction (Schneewind, Mihaylova-Petkov et al. 1992). Cell wall 
anchor proteins are responsible for many virulence factors in Gram-positive bacteria, thus 
virulence capability has been shown to be dependent on the activity of sortase (Navarre 
and Schneewind 1999). In L. monocytogenes, it influences the development of internalin 
A (Bierne Mazmanian et al. 2002). Expression of sortase A decreased in F2365 under 
anaerobic condition. However, an increase in cell wall surface proteins was observed 
upon bile treatment. Lipoproteins, another virulence factor of L. monocytogenes, act as 
substrate-binding components of ABC transporter systems (Bierne and Cossart 2007). 
Under anaerobic conditions, an increase in ABC transporter associated protein was seen 
upon bile treatment. This suggests that virulence factors that are dependent on the ABC 
transporter system but independent of sortase A are needed for survival under anaerobic 
conditions under stress. However a more in depth study will need to be done in order to 
determine their role.  
 Several studies have shown the contribution of repair mechanisms needed to 
overcome damage induced by bile salts. In Salmonella enterica, oxidative damage was 
shown between transitions of nucleotides, specifically GCAT (Prieto, Ramos-Morales 
et al. 2006). OsmC is an enzyme involved in osmotic and oxidative stress 
(Atichartpongkul, Loprasert et al. 2001) and was found to increase under anaerobic 
conditions for 10403S, but not in the other strains tested. However, it is not known how 
OsmC functions in L. monocytogenes aside from identification under stressful conditions. 
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Bile salts also induce DNA damage and other proteins were identified that are involved in 
the general stress response and DNA repair. DNA damage acquired from exposure to bile 
manifests as double stranded breaks (Prieto, Ramos-Morales et al. 2006). UvrA, which is 
associated with DNA repair, increased under anaerobic conditions upon post 1 h 
exposure to 5% bile in F2365 and HCC23. Abundance of UvrA increased in 10403S and 
EGD-e compared between aerobic and anaerobic conditions. The DNA mismatch repair 
protein MutS increased upon bile stress in EGD-e only under anaerobic conditions. Also, 
DNA polymerase V, involved in the SOS response, was found to increase in both F2365 
and 10403S. Together, the increase in expression of DNA repair proteins under anaerobic 
conditions upon bile stress suggest that oxygen influences the expression of stress 
response genes required for DNA repair. Interestingly, since bile salts induce DNA 
damage, these proteins are needed to overcome this damage. However, the dependency in 
the expression of repair proteins is strain specific.  
In summary, bile resistance for all strains studied was found to be strain 
dependent and this resistance is dependent on available oxygen concentrations. Several 
changes within proteins associated with the cell morphology, DNA repair, invasion, and 
metabolism were identified to be involved in the resistance under this stress. Proteins 
expressed under anaerobic conditions, including virulence factors and the SOS response 
such as DNA polymerase V and UvrABC, suggest that limited oxygen is needed for 
regulation of these proteins to overcome the damaging effects of bile salts. In conclusion, 
oxygen availability influences bile resistance and this may be dependent on regulation of 
general stress responses by available oxygen. Further research is needed to characterize 
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the mechanisms at which oxygen is detected and how it is used to regulate genes needed 
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COMPARATIVE PROTEOMIC ANALYSIS OF THE RESPONSE OF LISTERIA 
MONOCYTOGENES UNDER AEROBIC AND ANAEROBIC CONDITIONS  
3.1 Introduction 
All free-living bacteria have the ability to adapt to their environment including 
changes in oxygen levels, pH, salt concentration, and even water availability. However, a 
facultative anaerobe has the ability to undergo aerobic respiration, fermentation and 
anaerobic respiration and this metabolic transition is dependent on their ability to sense 
and adapt to these environmental changes. In certain Gram-positive facultative anaerobes, 
a two-component signal transduction system is used to detect variations in oxygen 
concentrations (Stock, Robinson et al. 2000). These types of systems have also been 
found to influence the expression of virulence factors (Larsen, Kallipolitis et al. 2006). 
For example, in Staphylococcus aureus, the two component system SrrAB is utilized to 
activate genes needed for anaerobic metabolism and nitric oxide detoxification (Kinkel et 
al. 2013). This occurs through the SrrB dependent phosphorylation of SrrA, which will in 
turn activate downstream genes needed for cell survival (Kinkel et al. 2013). This has 
also been shown to regulate virulence factors (Yarwood et al. 2001). ResDE in B. subtilis 
is homologous to SrrAB in S. aureus (Yarwood et al. 2001) and was also found to control 
PrfA- dependent genes in Listeria monocytogenes (Larsen et al. 2006).  
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Listeria monocytogenes is a facultative intracellular bacterium that is able to 
flourish within the environment as a saprophyte or infect humans and replicate in either 
an intracellular or extracellular state (Gray, Freitag et al. 2006). Although, two-
component signal transduction systems have been studied extensively in L. 
monocytogenes, limited research is available in comparing the expression of these under 
aerobic and anaerobic conditions. Genomic sequencing of EGD-e revealed identification 
of 16 two-component signal transduction systems (Glaser et al. 2009). Comparisons of 
the impact of these systems were studied in vitro and in vivo in order to determine their 
role in survival and growth; DegU was the only one found to influence virulence 
(Williams et al. 2005). Interestingly, other studies have shown the importance of the 
system ResDE in the regulation of virulence of L. monocytogenes (Larsen et al. 2006).  
As described in chapter 2, variation is evident between strains of L. 
monocytogenes in response to stressors under anaerobic conditions. Because of variation 
between strains, further research is needed to identify the difference between aerobic and 
anaerobic growth across other strains of L. monocytogenes. Therefore, the purpose of this 
study was to compare proteomic expression of L. monocytogenes under aerobic and 
anaerobic conditions and identify novel response regulators that may be responsible for 
this ability of adaptation.  
3.2 Materials and Methods 
3.2.1 Bacterial Strains and Culture Conditions 
All strains of L. monocytogenes (F2365, EGD-e, 10403S and HCC23) were 
cultured in Brain Heart Infusion (BHI) broth and incubated in a shaker incubator at 37°C 
at 250 rpm. 
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3.2.2 Growth Assay 
For aerobic cultivation, overnight cultures were diluted 1:100 into fresh BHI in a 
Coy anaerobic chamber (95% N2 and 5% H2) in 10mL Wheaton serum vials capped with 
rubber stoppers and sealed with aluminum. Resazurin (5µM) was added in order to 
visually monitor anaerobiosis within the vials. Optical density (OD600) of inoculated vials 
was determined at 0, 1, 2, 3, 4, 5, 6, and 8 h post inoculation using a NanoDrop 
Spectrophotometer 1000. 
For anaerobic conditions, cultivation was performed as described above without 
the use of sealed vials. All cultures were incubated under normal atmospheric conditions. 
All assays were repeated a minimum of three times. 
3.2.3 Protein Purification 
Cultures were grown to mid-log in either aerobic or anaerobic conditions as 
described for the survival assays, at which time 10mL were collected and immediately 
centrifuged at 8000 x g for 10 min at 10ºC. Samples were collected -10 min prior to and 1 
h post exposure to 0% or 5% porcine bile extract. Cell pellets were resuspended in 700µL 
NP-40 lysis buffer (150mM NaCl, 1.0% IGEPAL, 50mM Tris, pH 8.0) and 50µL of 
protease inhibitor cocktail (Sigma P2714), lysed through sonication using Covaris model 
S220 for 60 sec. Lysate was plated to ensure efficient lysis had occurred. Lysates were 
centrifuged at 20,000 x g for 15 min to remove cell debris. A Fluka Protein 
Quantification Kit was used to determine protein concentration (PC 101268296). Purified 
proteins (100µg-200µg) were treated with 600µL of methanol, 150µL of chloroform, and 
450µL of sterile deionized water, then centrifuged at 13,000 x g for one min. Supernatant 
was removed, 450µL of methanol was added to the interface layer, and centrifuged again 
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at 13,000 x g for one min. Protein pellets were dried in a vacuum centrifuge at room 
temperature, and treated with 2.0µg of trypsin overnight, and desalted using a macrotrap 
(Michrome Bioresources). Cleaned samples were resuspended in 20µL of 0.1% formic 
acid (FA) and 5% acetonitrile (ACN) for analysis. Peptide mass spectrometry was 
accomplished using a Dionex UltiMate 3000 (Thermo Scientific) high performance liquid 
chromatography machine (HPLC) coupled with an LTQ Velos (Thermo Scientific) linear 
ion trap mass spectrometer. The Easy-nLC was configured for reverse phase 
chromatography using an Acclaim PepMap RSLC column (Thermo Scientific) with a 
flow rate of 300 nL/min. Peptides were separated for mass spectrometry analysis using an 
acetonitrile gradient starting at 2% ACN, 0.1% FA and reaching 50% ACN, 0.1% FA in 
120 min, followed by a 15 min wash of 95% ACN, 0.1% FA. Column equilibration was 
handled automatically using the Dionex UltiMate 3000. The eluate from the HPLC was 
fed directly to the LTQ Velos for nanospray ionization followed by MS/MS analysis of 
detected peptides. The LTQ Velos was configured to perform 1 ms scan followed by 18 
MS/MS scans of the 18 most intense peaks repeatedly over the 135 min duration of each 
HPLC run. Dynamic exclusion was enabled with a duration of 3 min, repeat count of 3, 
and a list length of 500. Raw spectral data from LTQ Velos was converted to mgf format 
for each strain then searched against strain specific in silico trypsin digested database 
acquired from the National Center for Biotechnology Information Reference Sequences 
(NCBI RefSeq, 10403S: 2814, EGD-e: 2867, F2365: 2821 and HCC23: 2974) using 
X!tandem. Precursor and fragment mass tolerance set to 1500ppm and 1000ppm, 
respectively. Amino acid modifications that were included in the database searches were 
single and double oxidation of methionine and both carboxymethylation and 
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carboxamidomethylation of cysteine, phosphorylation of serine, threonine and tyrosine, 
as well as water loss from serine and threonine. A decoy search was also executed against 
a randomized version of the same protein database with identical parameters as the target 
database to calculate the false discovery rate (FDR). Results were filtered using previous 
methods (Rousseeuw et al. 1999 and Filzmoser et. Al 2004). Hits from the target search 
were evaluated as possible outliers with respect to the decoy distribution and a 
probability score of being correct was associated to each. Peptides with at least 95% 
probability of being correct were accepted.   
Differential expression of proteins between porcine bile treated and non-treated 
samples were evaluated on the basis of peptide spectral intensity. The raw spectral data 
was converted to the MS1 tab delimited format using MSConverted from the 
ProteoWizard toolset. The intensities for each peptide elution peak were pulled from its 
associated MS1 file using Perl script and summed. For each identified protein, peptide 
intensities were combined and organized by experimental replicate. Differential 
expression was evaluated using Monte Carlo resampling techniques to compare the 
replicate intensities between treatments. Each comparison used 1 million iterations and 
was assigned a p-value based on the number of times each test favored one treatment 
over another. A protein was accepted as significantly differentially expressed if the 
treatment intensity distribution was within the 95% confidence interval. Supplementary 




3.3.1 Survival of L. monocytogenes is not impaired by oxygen availability 
In order to determine whether L. monocytogenes is able to adapt to environmental 
conditions, survival was observed under aerobic and anaerobic conditions over the course 
of 8 hours. All four strains studied showed normal growth under 37°C. However, a slight 
delay was observed under anaerobic conditions for all strains. Aerobically, EGD-e and 
F2365 reach mid-logarithmic phase slightly faster than HCC23 and 10403S. However, 
anaerobically, all strains were able to adapt and were viable similarly. In 10403S, growth 
rate =0.47 aerobically and 0.45 anaerobically. F2365 had a rate of 0.51 under anaerobic 
conditions and a growth rate of 0.67 aerobically. Similar results were observed in EGD-e 
with a growth rate of 0.64 aerobically and 0.50 anaerobically. Avirulent strain HCC23 
had a growth rate of 0.49 aerobically and 0.44 anaerobically.  
 




3.3.2 Proteins associated with cell envelope and cellular processes are 
differentially expressed under aerobic and anaerobic conditions 
Listeria monocytogenes is a facultative anaerobe that can undergo both aerobic 
and anaerobic respiration, allowing for survival in various environments. However, little 
is known about the ability of this organism’s use of two-component signal transduction 
systems. Therefore, the purpose of this study was to compare the aerobic and anaerobic 
proteome in virulent and avirulent strains of L. monocytogenes. Expression of 
osmoprotectant transport protein (GI #386043739) increased under aerobic conditions in 
10403S, but was not detected in other strains (Table 3.1). Expression of proteins involved 
in cell division and cell shape were found to decrease in10403S (GI #386044809), F2365 
(GI #46907775 and GI #46908564), and HCC23 (GI #217964308).  
In EGD-e, an increase in proteins involved in the phosphotransferase system 
(PTS) was observed under anaerobic conditions (GI #16804687 and GI #16803295). This 
was also observed in F2365 (GI #46906337) and HCC23 (GI #217965128). Proteins 
involved in redox reactions were found to increase in EGD-e in anaerobic conditions (GI 
#16804509) and 10403S (GI #386044773). Interestingly, an increase in P60, invasion 
associated protein was observed in F2365 in anaerobic conditions (GI #46906827). A 
decrease in actin assembly protein (GI #46906436) and Flavocytochrome c (GI 
#46906596) was observed in F2365. Additionally, CheV, a protein involved in 





Table 3.1 Cell envelope associated proteins with a significant change in protein 
expression levels aerobically 
      Intensity Regulation 
GI# Protein Listilist 0 h 1 h 0h-1h 
10403S           
386043739  osmoprotectant transport system ATP-binding protein  1.2 0.01167946 1.27768475 up 
386044773 NADPH dehydrogenase 1.4 0.01756878 1.2973259 up 
386044809 highly similar to the cell-division ATP-binding protein FtsE 1.7 1.64600916 0.35461665 down 
386045108 16S rRNA methyltransferase GidB 1.7 0.65184677 0.05042382 down 
EGD-e           
16802324 similar to sugar ABC transporter, ATP-binding protein 1.2 0.33857637 1.31908752 up 
16802897 
UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6-diamino pimelate-D-
alanyl-D-alanyl ligase 1.1 0.94803246 0.32039074 down 
16803011 
DltD protein for D-alanine esterification of lipoteichoic acid and wall 
teichoic acid 1.1 1.62505021 0.67986128 down 
16803054 highly similar to glycine betaine ABC transporter  1.2 0.01390235 0.62999594 up 
16803295 similar to PTS system trehalose specific enzyme IIBC 1.2 0.01390235 0.65590432 up 
16803584 
highly similar to cell division inhibitor (septum placement) protein 
MinD 1.7 0.66802676 1.87700358 up 
16804509 similar to NADH oxidase 1.4 0.31783605 0.92091087 up 
16804566 highly similar to H+-transporting ATP synthase chain epsilon 1.4 0.01390235 0.62910892 up 
16804687 similar to hypothetical PTS enzyme IIB component 1.2 0.65706584 2.94874379 up 
46906337 similar to PTS system mannose-specific, factor IID 1.2 4.69763383 1.87025028 up 
46906436 actin-assembly inducing protein  1.8 0.64349649 0.00948111 down 
46906596 similar to Flavocytochrome C Fumarate Reductase chain A 1.4 5.06703335 1.62293486 down 
46906827 P60 extracellular protein, invasion associated protein Iap 1.1 3.53353857 8.06186438 up 
46906940 similar to CheA activity-modulating chemotaxis protein CheV 1.5 0.65560268 0.00948111 down 
46907246 highly similar to glycine betaine ABC transporter (ATP-binding protein) 1.2 0.00831409 0.99256372 up 
46907249 similar to phosphotransferase system glucose-specific enzyme IIA 1.2 0.32566015 1.28718773 up 
46907303 
similar to teichoic acid translocation ATP-binding protein TagH (ABC 
transporter) 1.1 0.95811565 0.31970659 down 
46907656 
similar to glycine betaine/carnitine/choline ABC transporter (ATP-
binding protein) 1.2 0.32205459 3.79289331 up 
46907775 similar to cell-shape determining protein MreC 1.1 0.64906501 0.00948111 down 
46908350 similar to ABC transporter (ATP-binding protein) 1.2 0.65209405 1.55639456 up 
46908678 highly similar to cell-division protein FtsX 1.7 1.01545027 0.33327682 down 
46908704 highly similar to H+-transporting ATP synthase chain delta 1.4 1.32539092 0.00948111 down 
46908741 similar to dipeptide ABC transporter (dipeptide-binding protein) 1.2 1.99906259 0.633986 down 
HCC23           
217963393 peptidoglycan lytic protein P45 1.1 2.37458565 0.9209575 down 
217963619 similar to post-translocation molecular chaperone 1.6 1.83879197 0.64258139 down 
217963778 similar to ABC transporter (ATP-binding protein) 1.2 0.02988433 0.9672215 up 
217964308 similar to cell-division inhibition (septum placement) protein MinC 1.7 0.6585776 0.036806 down 
217964309 highly similar to cell division inhibitor (septum placement) protein MinD 1.7 1.88026831 0.036806 down 
217964424 
similar to glycine betaine/carnitine/choline ABC transporter (ATP-
binding protein) 1.2 0.02988433 3.18333183 up 
217965128 
similar to mannose-specific phosphotransferase system (PTS) component 




Under anaerobic conditions and in contrast to proteins identified under aerobic 
conditions, those involved in the PTS system decreased in F2365 (GI #46906336and 
HCC23 (GI #217963420, Table3.2). Additionally, a decrease in cell division protein FtsE 
was observed in EGD-e (GI #16804545). FtsH increased in HCC23 (GI #217965694), 
but decreased in EGD-e (GI #16802266). Also in EGD-e, peptidoglycan lytic protein P45 
increased under anaerobic conditions (GI #16804543).  
An increase in thioredoxin-disulfide reductase, a protein associated with redox 
reactions, increased under anaerobic conditions in 10403S (GI #386044780) and HCC23 
(GI #217963420). Multiple proteins involved in the structure and function of the 
flagellum decreased under anaerobic conditions in HCC23 (GI #217965194, GI 
#217965196, and GI #217965205). 
Table 3.2 Cell envelope associated proteins (Listilist category 1) with a significant 
change in protein expression levels anaerobically. 
                Intensity Regulation 
GI# Protein Listilist 0 h 1 h 0h-1h 
10403S           
386043731 UDP-N-acetylenolpyruvoylglucosamine reductase (murB) 1.1 1.00865005 0.35356161 down 
386044780 thioredoxin-disulfide reductase 1.4 0.70609103 2.87903915 up 
386042541 actin-assembly inducing protein ActA 1.8 0.69796973 0.01252537 down 
EGD-e      
16802266 highly similar to cell division protein ftsH 1.7 2.89214551 6.75037703 up 
16802883 peptidoglycan binding protein 1.8 0.00828694 0.66431193 up 
16803273 Thioredoxin 1.4 1.98689387 0.64263986 down 
16803471 similar to ABC transporter (ATP-binding protein) 1.2 1.02256591 0.01124739 down 
16803567 similar to protein-export membrane protein SecDF 1.6 0.00828694 1.30366577 up 
16803753 similar to cell-shape determining proteins 1.1 0.00828694 0.97982108 up 
16804234 similar to oligopeptide ABC transporter (permease) 1.2 0.00828694 0.69616551 up 
16804516 thioredoxin reductase 1.4 0.66082451 4.0913631 up 
16804543 peptidoglycan lytic protein P45 1.1 1.97738627 0.70530448 down 
16804545 highly similar to the cell-division ATP-binding protein FtsE 1.7 2.7144281 1.27013606 down 
16804564 UDP-N-acetylglucosamine 1-carboxyvinyltransferase 1.1 0.34521291 1.61842006 up 
16804726 highly similar to Mg2+ transport ATPase 1.2 0.00828694 0.67551213 up 




Table 3.2 (continued) 
46906336 similar to PTS system mannose-specific, factor IIC 1.2 1.10302626 0.00918422 down 
46907248 
highly similar to glycine betaine ABC transporters (glycine betaine-
binding protein) 1.2 0.00903935 0.70219154 up 
46907503 similar glucose inhibited division protein A 1.7 1.75978729 0.33469917 down 
46907656 
similar to glycine betaine/carnitine/choline ABC transporter (ATP-
binding protein) 1.2 0.99012525 3.66939918 up 
46908081 similar to metal cations ABC transporter, ATP-binding proteins 1.2 0.36014551 1.71402353 up 
46908672 two-component sensor histidine kinase 1.3 0.65986884 0.00918422 down 
46908700 F0F1 ATP synthase subunit epsilon 1.4 0.72438026 0.00918422 down 
HCC23      
217963369 F0F1 ATP synthase subunit epsilon 1.4 0.6952008 0.01373007 down  
217963420 thioredoxin-disulfide reductase 1.4 1.54455034 4.59339725 up  
217963505 similar to NADH dehydrogenase 1.4 1.9033722 5.02448827 up  
217963687 Thioredoxin 1.4 2.88132821 1.00021797 down  
217963971 formate--tetrahydrofolate ligase 1.1 1.14316686 2.80887854 up 
217964045 signal recognition particle-docking protein FtsY  1.6 2.96011442 1.33891428 down 
217964211 ABC transporter ATP-binding protein  1.2 0.3455271 0.96367762 up  
217964308 similar to cell-division inhibition (septum placement) protein MinC 1.7 0.73596271 0.01373007 down 
217964309 septum site-determining protein MinD 1.7 1.0595734 2.57824555 up 
217964424 glycine betaine/carnitine/choline transport ATP-binding protein opuCA 1.2 0.36624894 3.40592844 up 
217964701 thioredoxin  1.4 4.22353092 1.74446021 down 
217964835 
teichoic acids export ATP-binding protein TagH (Teichoicacid-
transporting ATPase) 1.1 0.0063577 0.68727426 up 
217965194 flagellar protein FliS 1.5 1.06588312 0.01373007 down 
217965196 flagellar hook-associated protein FlgL  1.5 1.08110761 0.01373007 down 
217965205 flagellar hook protein FlgE 1.5 1.0666405 0.01373007 down 
217965210 two-component sensor histidine kinase CheA 1.3 1.47403903 0.33308125 down 
217965213 chemotaxis protein CheV  1.5 2.9259826 1.03726762 down 
217965694 cell division protein FtsH 1.7 0.74301244 4.16594843 up 
217966120 PTS system lichenan-specific transporter subunit IIB 1.2 1.49398273 0.01373007 down  
 
3.3.3 Proteins associated with virulence and repair are differentially expressed 
under aerobic and anaerobic conditions 
Transcriptional regulator LtyR increased in 10403S (GI #3860448820). 
Expression of UvrA and UvrB decreased under aerobic conditions (GI #386044790 and 
GI #386044791). Expression of a transcription repair factor and RecA decreased under 
aerobic conditions (GI #38604551 and GI #386043709). A known virulence factor, 
antigen A, was also decreased in 10403S (GI #386042461).  
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Interestingly, expression of UvrA and SigB increased in EGD-e under anaerobic 
conditions (GI #16804526 and GI #16802930, respectively). In F2365, LepA decreased 
under aerobic conditions (GI #46907707). In HCC23, an increase in general stress 
response protein Ctc, and SigB were observed (GI #217965703 and GI #217965008).  
Table 3.3 Intermediary metabolism associated proteins with a significant change in 
protein expression levels aerobically. 
                Intensity Regulation 
GI# Protein Listilist 0 h 1 h 0h-1h 
10403S           
386042349 DNA polymerase III subunit beta 3.1 0.68468277 2.99394499 up 
386042551 transcription-repair coupling factor 3.2 0.01167946 0.36387324  down 
386043020 chemotaxis protein cheY  3.5 2.62501185 1.25550148 down 
386043670 similar to transcription termination protein (NusB) 3.5 3.5882819 0.05042382 down 
386043709 Recombination protein recA 3.3 9.20228393 2.21878137 down 
386043790 highly similar to GTP-binding protein LepA 3.7 0.01167946 2.27362494 up 
386044256 similar to two-component response regulator (ResD) 3.5 0.99331982 0.05042382 down 
386044640 similar to regulatory protein DeoR family 3.5 0.01167946 0.97533295 up 
386044790 excinuclease ABC subunit A  3.2 4.4015803 1.00570469 down 
386044791 excinuclease ABC subunit B  3.2 1.97906102 0.05042382 down 
386044817 response regulator DegU  3.5 0.01167946 0.36064594 up 
386044820 transcriptional regulator LytR  3.5 0.64348839 1.56017104 up 
386045064 ATP-dependent DNA helicase RecQ  3.3 0.01167946 0.34753973 up 
386042461 antigen A 4.5 1.63375704 0.05042382 down 
386042631 similar to heat-shock protein htrA serine protease 4.1 0.70492582 1.68243522 up 
386042937 similar to phage shock protein E 4.1 0.70320715 0.05042382 down 
386043216 highly similar to positive regulation of sigma-B activity 4.1 1.36405388 0.36073779 down 
386044323 cold shock protein 4.1 2.98006539 0.96021598 down 
EGD-e      
16802292 transcription antitermination protein NusG 3.5 2.45965073 0.65150282 down 
16802333 similar to two-component response regulator 3.5 0.01390235 0.63115549 up 
16803995 similar to transcriptional regulator (Fur family) 3.5 0.66006794 0.02025957 down 
16804487 similar to exoribonuclease RNase-R 3.6 1.25172821 0.3184219 down 
16804526 excinuclease ABC subunit A 3.2 0.01390235 0.64523909 up 
16804553 two-component response regulator DegU 3.5 0.62892351 0.02025957 down 
16804556 LytR family transcriptional regulator 3.5 0.61544297 0.02025957 down 
16804598 DNA-directed RNA polymerase subunit delta 3.5 2.55441876 0.93302168 down 
16804727 similar to transcription regulator, TetR family 3.5 0.96770791 0.33993836 down 
16804794 similar to ATP-dependent DNA helicases 3.3 0.65569418 0.02025957 down 
16802930 positive regulator of sigma-B activity 4.1 0.01390235 1.64245963 up 
16803308 ATP-dependent protease ATP-binding subunit ClpX 4.1 1.23453673 2.74376831 down 
16803319 ATP-dependent protease ATP-binding subunit HslU 4.1 0.98246709 0.35239205 down 
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Table 3.3 (continued) 
F2365           
46906276 highly similar to single-strand binding protein (SSB) 3.1 0.33440744 1.31021623 up 
46906697  transcriptional regulator 3.5 0.33029466 1.6345055 up 
46907525 GlnR family transcriptional regulator 3.5 0.66584252 0.00948111 down 
46907581 highly similar to elongation factor P (EF-P) 3.7 2.3087618 0.9850263 down 
46907682 RNA polymerase sigma factor RpoD  3.5 0.65289727 0.00948111 down 
46907707 highly similar to GTP-binding protein LepA 3.7 2.28403503 0.99717065 down 
46908052 similar to putative serine/threonine-specific protein kinase 3.8 1.64048242 0.3408845 down 
46908660  excinuclease ABC subunit A  3.2 0.639042 2.01811272 up 
HCC23           
217963987 similar to peptidyl methionine sulfoxide reductases 3.8 0.02988433 0.65004505 up 
217964027 similar to putative serine/threonine-specific protein kinase 3.8 0.02988433 0.63626579 up 
217964044 similar to Smc protein essential for chromosome condensation and partition 3.4 0.02988433 0.66390111 up 
217964375 highly similar to GTP-binding protein LepA 3.7 2.70708957 0.97014511 down 
217965008 RNA polymerase sigma factor SigB 3.5 0.02988433 0.98760696 up 
217966098 DNA polymerase III subunit gamma/tau 3.1 0.63437541 0.036806 down 
217966191 highly similar to initiation factor IF-I 3.7 0.63836748 0.036806 down 
217964793 similar to ATP-dependent Clp protease proteolytic component 4.1 0.90628068 2.18617503 up 
217965703 50S ribosomal protein L25/general stress protein Ctc 4.1 0.65409588 3.64850722 up 
217965012 highly similar to positive regulation of sigma-B activity 4.1 0.02988433 0.64722566 up 
217964578 highly similar to ATP-dependent Clp protease-like proteins 4.1 0.63326982 1.99888608 up 
 
Proteins involved in DNA replication, repair, and virulence were identified under 
anaerobic conditions in all strains studied (Table 3.4). A transcription repair coupling 
factor in 10403S (GI #386042551) and F2365 (GI #46906446) decreased under anaerobic 
conditions. Expression of NusB increased in 10403S (GI #386043670). In EGD-e, 
chaperone protein DnaJ increased under anaerobic conditions (GI #16803512). Virulence 
factor antigen A also increased in EGDe (GI #46906358). Interestingly, listeriolysin O 
and antigen A increased under anaerobic conditions in F2365 (GI # 46906358 and GI 
#46906434). HCC23 showed an increase in UvrA and UvrB, which was not observed in 





Table 3.4 Intermediary metabolism associated proteins (Listilist category 3 and 4) 
with a significant change in protein expression levels anaerobically. 
                Intensity Regulation 
GI# Protein Listilist 0 h 1 h 0h-1h 
10403S           
386042551 transcription-repair coupling factor 3.2 0.0146296 1.03088449 up 
386043393 similar to GTP-binding elongation factor 3.7 3.60342579 1.71854885 down 
386043670 similar to transcription termination protein (NusB) 3.5 0.33404161 1.32216973 up 
386044112 similar to Smc protein essential for chromosome condensation and partition 3.4 0.6775808 0.01252537 down 
386044256 response regulator ResD 3.5 2.36732213 1.01097554 down 
386044264 similar to transcriptional regulator (Fur family) 3.5 0.0146296 1.33738212 up 
386044820 transcriptional regulator LytR 3.5 3.36870196 1.33771181 down 
386042568 ATP-dependent Clp protease ATP-binding subunit ClpC 4.1 1.96258985 9.60362199 up 
386043214 highly similar to positive regulator of sigma-B activity 4.1 0.0146296 0.71169668 up 
EGD-e           
16802049 chromosome replication initiator DnaA  3.1 0.67558645 0.01124739 down 
16802050 DNA polymerase III subunit beta 3.1 2.42637462 1.00963003 down 
16802054 DNA gyrase subunit B 3.4 0.00828694 0.66363952 up 
16802093 highly similar to single-strand binding protein (SSB) 3.1 0.70227848 1.94582288 up 
16803278 similar to ribonuclease PH 3.6 0.00828694 0.67920038 up 
16803315 highly similar to DNA topoisomerase I TopA 3.4 0.00828694 0.68512972 up 
16803367 highly similar to ribosome-binding factor A 3.7 0.67649223 0.01124739 down 
16803519 highly similar to GTP-binding protein LepA 3.7 0.00828694 0.66164555 up 
16803844 similar to Smc protein essential for chromosome condensation and partition 3.4 0.33910219 1.30234684 up 
16803987 similar to two-component response regulator (ResD) 3.5 1.35838844 0.33776721 down 
16802166 antigen A  4.5 1.34891358 4.42765889 up 
16802278 endopeptidase Clp ATP-binding chain C  4.1 1.01327181 3.55361254 up 
16803037 ATP-dependent protease 4.1 0.00828694 1.01670466 up 
16803512 molecular chaperone DnaJ 4.1 1.29572056 3.06943426 up 
F2365          
46906276 highly similar to single-strand binding protein (SSB) 3.1 0.32775664 1.34041879 up 
46906446 transcription-repair coupling factor 3.2 0.00903935 1.06535383 up 
46906479 transcription antitermination protein NusG 3.5 1.47215407 0.35469319 down 
46906942 chemotaxis protein CheY 3.5 0.70698931 0.00918422 down 
46907546 highly similar to DNA polymerase III (alpha subunit) 3.1 0.70227997 0.00918422 down 
46908082 similar to transcriptional regulator (MarR family) 3.5 0.70755725 0.00918422 down 
46908182 similar to two-component response regulator (ResD) 3.5 1.00947164 0.00918422 down 
46908238 similar to two-component response regulator 3.5 0.00903935 1.01785864 up 
46908653 pyrophosphatase PpaX 3.8 1.37864678 0.36790423 down 
46908655 HPr kinase/phosphorylase  3.8 1.09512681 0.00918422 down 
46908868 similar to transcription regulator, TetR family 3.5 0.35615448 1.01643612 up 
46906358 antigen A 4.5 0.37083188 1.75586687 up 
46906434 listeriolysin O 4.5 1.01592383 4.5365816 up 
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Table 3.4 (continued) 
46908245 similar to major cold-shock protein 4.1 2.75804429 1.0176316 down 
217963409 excinuclease ABC subunit B 3.2 0.0063577 2.58028271 up 
217963410 excinuclease ABC subunit A 3.2 0.00595745 3.26819557 up 
217963900 similar to two-component response regulator (ResD) 3.5 2.21426316 0.64657604 down  
217964108 DNA-binding response regulator  3.5 0.71724165 0.01373007 down  
217964226 MutT/nudix family protein 3.2 1.1402606 0.01373007 down  
217964495  transcription antitermination protein NusB 3.5 3.66172421 1.05134001 down  
217964878 DegU family transcriptional regulator 3.5 0.74662873 0.01373007 down  
217965667 transcription antitermination protein NusG  3.5 2.27096699 0.35527943 down  
217963632 similar to endopeptidase Clp ATP-binding chain B (ClpB) 4.1 1.48104406 6.46455391 up 
217964903 negative regulator of genetic competence ClpC/mecB  4.1 0.0063577 0.95318928 up 
217964382 chaperone protein DnaJ 4.1 1.46970877 4.12468313 up  
217965681  negative regulator of genetic competence ClpC/mecB 4.1 0.72345681 7.60686494 up 
 
3.3.4 Identification of Novel Response Regulators  
A two-component signal transduction system previously identified in other Gram-
positives has been shown to regulate transcription of genes needed for anaerobic 
metabolism and also certain virulence factors (Yarwood et al. 2004). This system consists 
of a histidine kinase and a response regulator. Previous genomic studies have identified 
multiple two-component signal transduction system in EGD-e (Glaser et al. 2009). 
Therefore, the changes in the expression of potential homologs to two-component 
systems in L. monocytogenes strains tested were analyzed. 
Expression of the sensor histidine kinase increased under aerobic conditions in 
10403S (GI #386044885), but decreased in F2365 (GI #46908672) and HCC23 (GI 
#217965210). Response regulator ResD decreased in 10403S (GI #386044256), F2365 
(GI #46908182), and HCC23 (GI #217963900). Other response regulators were shown to 
increase aerobically in EGD-e (GI #16802333) and anaerobically in F2365 (GI 
#46908238; Table 3.5). 
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Table 3.5 Proteins identified as two-signal transduction system.  
Strain Protein Aerobic Anaerobic 
10403S    
386044885  sensor histidine kinase up   
386044256  similar to two-component response regulator (ResD) down down 
386044817  response regulator DegU up  
EGD-e       
16802333  similar to two-component response regulator up   
16803987  Similar to two-component response regulator (ResD)  down 
16804553  two-component response regulator DegU down  
F2365       
46908672  two-component sensor histidine kinase   down 
46908182  similar to two-component response regulator (ResD)   down 
46908238  similar to two-component response regulator   up 
HCC23       
217965210  two-component sensor histidine kinase   down 
217963900  similar to two-component response regulator (ResD)   down 
217964878 DegU family transcriptional regulator  down 
 
3.4 Discussion 
Both free-living bacteria and bacterial pathogens must be able to adapt to 
environmental changes in order to express the proteins needed for survival. Previous 
studies have indicated the importance of two-component signal transduction system in 
the regulation of various genes associated with virulence, stress responses and 
metabolism (Cotter et al 1999, Dubrac et al 2007). However, in L. monocytogenes these 
systems have not been characterized and some not identified (Gotoh et al. 2010). 
Therefore, the purpose of this study was to compare the proteomic expression of four 
strains of L. monocytogenes when cultured under aerobic and anaerobic conditions to 
identify the key proteins involved in anaerobic growth.   
In this study, viability between virulent and avirulent strains of L. monocytogenes 
indicated no difference in survival under aerobic or anaerobic conditions. Although, a 
slight delay was observed under anaerobic conditions for all strains studied. For instance, 
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F2365 had a decrease in growth rate by 0.16. 10403S decreased by 0.02 and EGD-e 
decreased by 0.14. A decrease was also seen in HCC23 by 0.05. This is possibly due to 
the change in gene expression required to survive anaerobically.   
Proteomic analysis revealed differential expression in proteins associated with 
metabolism, cell wall synthesis, cell division, virulence, repair, and response regulators. 
An increase in listeriolysin O and antigen A was seen under anaerobic conditions. Since 
changing oxygen concentration is a stressor and the human gastrointestinal tract is a low 
oxygen environment, this is to be expected if needed for survival. DegU is a response 
regulator known to regulate its own synthesis by binding to its promoter and is associated 
with regulation of genes involved in motility, virulence and biofilm formation (Gueiriri et 
al. 2008). Expression of DegU decreased in HCC23. However, expression of flagella 
associated proteins were also found to decrease in HCC23. DegU increased in 10403S 
where chemotaxis protein, CheY was found to decrease in 10403S. This supports 
previous research where DegU is suggested to be involved in the regulation of 
chemotaxis associated genes (Knudsen et al. 2004) 
Based on gene similarity from genomic sequencing, an unknown histidine kinase 
was identified in 10403S under aerobic conditions and in F2365 and HCC23 under 
anaerobic conditions. Interestingly, listeriolysin O and antigen A increased under 
anaerobic conditions where a response regulator was also increased. Previous studies 
have indicated the ability of response regulators such as ResD to influence expression of 
virulence associated genes such as PrfA (Larsen et al. 2006). ResD was found to decrease 
under anaerobic conditions. This suggests that the two-component signal transduction 
systems may be influenced by oxygen availability since this was not observed under 
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aerobic conditions. Additionally, depending on the systems that are activated interactions 
between two-component signal transduction systems may work together to regulate genes 
involved in virulence and motility.  Identified putative response regulators and histidine 
kinases can be characterized based on their influence in gene regulation. Further research 
is needed to characterize the expression of two-component signal transduction systems 
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Following ingestion, food borne pathogens are subjected to a variety of non-
specific defenses, such as pH, oxygen availability, bile, and osmolarity, within the host. 
The ability of L. monocytogenes to overcome bile salts, the antimicrobial component of 
bile, has been suggested to be linked to virulence (Merrit et al 2009, Begley et al 2002). 
Thus, extensive studies have been conducted to determine the bile salt response of L. 
monocytogenes.  
Chapter I presented the current literature as it relates to known responses to bile 
and oxygen variations encountered during colonization of L. monocytogenes within the 
gastrointestinal tract and illustrated the various stress responses that are involved in 
survival in these stressors. However, very little is known in regards to these response 
mechanisms in physiologically relevant anaerobic and microaerophilic conditions.  
Survival data presented in chapter II suggested a link between bile resistance and 
oxygen availability. There was a significant increase in resistance in high concentrations 
of bile salts for all virulent strains tested under anaerobic conditions. However, resistance 
in the avirulent strain HCC23 was not influenced by anaerobiosis.  
Proteomic analysis from chapter II was conducted to compare the bile specific 
proteome in 10403S, EGD-e, F2365 and HCC23 under aerobic and anaerobic conditions, 
which found an increase in proteins involved in the SOS response under anaerobic 
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conditions. Aerobically, there was identification of proteins involved in the PTS system 
and the possibility of a link to the regulation by PrfA was proposed.  
Data presented in chapter III found multiple histidine kinases and responses 
regulators in the proteomic analysis under aerobic and anaerobic conditions. However, it 
is not known how this contributes to overall survival of L. monocytogenes under stress. 
Research will need to be expanded to characterize the role response regulators play in 
stress response of L. monocytogenes. In the proteomic study in chapter III, virulence 
factors, such as proteins involved in invasion and stress responses, increased under 
anaerobic conditions but not aerobic conditions. Data combined from chapter II and III 
suggest a link between bile resistance and the ability of L. monocytogenes to detect 
oxygen.   
Proteins expressed under bile salts including those involved in DNA repair, 
osmotic stress response, invasion, biofilm formation and virulence increase the ability of 
L. monocytogenes to survive the gastrointestinal tract and establish infection. This ability 
may be dependent on a combination of stress response pathways, specifically the SOS 
response and this is dependent on available oxygen. Under low oxygen, a two-component 
signal transduction system may be utilized to induce expression of genes required for 
anaerobic metabolism and proteins involved in survival under stress. In other Gram-
positive organisms, this two-component signal transduction system (SrrAB, ResDE, and 
DosSR) has been shown to regulate metabolism and virulence factors needed for 
pathogenesis. Extensive research is needed to characterize the oxygen sensor in L. 
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ADDITIONAL PROTEOMIC ANALYSIS FROM CHAPTER II AND III. 
SIGNIFICANT CHANGE IN CELL ENVELOPE PROTEINS  
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